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 ABSTRACT 
 There is great need of robust and high throughput techniques for accurately 
measuring the concentration of nanoparticles in a solution.  Microarray imaging 
techniques using widely used to quantify the binding of labeled analytes to a 
functionalized surface.  However, most approaches require the combined output of many 
individual binding events to produce a measurable signal, which limits the sensitivity of 
such assays at low sample concentrations.  Although a number of high-NA optical 
techniques have demonstrated the capability of imaging individual nanoparticles, these 
approaches have not been adopted for diagnostics due complex instrumentation and low 
assay throughput.  Alternatively, interferometric imaging techniques based on light 
scattering have demonstrated the potential for single nanoparticle detection on a robust 
and inexpensive platform. 
 This dissertation focuses on the development of methods and infrastructure to 
enable the development of diagnostic assays using the Single Particle Interferometric 
Imaging Sensor (SP-IRIS).  SP-IRIS uses a bright-field reflectance microscope to image 
microarrays immobilized on a simple reflective substrate, which acts as a common-path 
  vi 
homodyne interferometer to enhance the visibility of nanoparticles captured near its 
surface.  This technique can be used to detect natural nanoparticles (such as viruses and 
exosomes) as well as molecular analytes (proteins and nucleic acid sequences) which 
have been tagged with metallic nanoparticle in a sandwich assay format.  Although 
previous research efforts have demonstrated the potential for SP-IRIS assays in a variety 
of applications, these studies have largely been focused on demonstrating theoretical 
proof of concept in a laboratory setting.  In contrast, the effective use of SP-IRIS as a 
clinical diagnostic platform will require significant functional improvements in 
automation of assay incubation, instrument control, and image analysis. 
In this dissertation, we discuss the development of instrumentation and software 
to support the translation of SP-IRIS from manual laboratory technique into an automated 
diagnostic platform.  We first present a collection of mechanical solutions to enable the 
real-time, in-solution imaging of nanoparticles in disposable microfluidic cartridges.  
Next, we present image analysis techniques for the detection of nanoparticle signatures 
within digital images, and discuss solutions to the unique obstacles presented by the ill-
defined focal properties of homodyne interferometry.  Finally, we present a particle 
tracking algorithm for residence time analysis of nanoparticle binding in real-time 
datasets.  Collectively, these improvements represent significant progress towards the use 
of SP-IRIS as a robust and automated diagnostic platform. 
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CHAPTER ONE – Introduction 
 
1.1 – Overview of Dissertation 
This dissertation discusses my work on improvements to the Single Particle 
Interferometric Reflectance Imaging Sensor (SP-IRIS) platform, an optical imaging 
technique for quantifying the surface capture of biomarker nanoparticles with single 
particle sensitivity, originally developed at Boston University over the course of the past 
decade.  Unlike traditional ensemble techniques such as fluorescence or absorbance 
imaging, which measure an analog signal resulting from the contributions of large 
numbers of analyte interactions, single nanoparticle (or digital) detection techniques 
identify discrete binding events from individual nanoparticles on the sensor surface.  
While early SP-IRIS implementations demonstrated the platform’s potential for highly 
sensitive nanoparticle detection, these prototypes required extensive skill (and some 
degree of art) to operate consistently.  The goal of my efforts over the past 6 years has 
been to improve the automation and usability of the SP-IRIS platform through the 
development of software and instrumentation to enable real-time in-liquid measurements.  
These improvements have been applied over many different facets of the system, and are 
described in detail in the upcoming chapters. 
The advantages of single nanoparticle detection over ensemble techniques are 
numerous.  By definition, the sensitivity provided by counting individual analyte 
molecules is as good as it gets.  Additionally, while ensemble techniques can only 
measure the average parameters of an analyte population, digital techniques can provide 
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specific measurements for different species within a heterogeneous analyte population.  
Later in this chapter, we review the current state of the art of optical techniques for single 
nanoparticle detection. 
 Chapter two presents an in-depth description of the concepts used by the SP-IRIS 
system, and discusses the historical obstacles encountered during the early days of its 
development.  Two variations of the SP-IRIS platform are then presented.  The first 
configuration detects nanoparticles bound to a chip surface, and quantifies the volumetric 
size of the nanoparticles via intensity measurements.  The second configuration uses a 
polarized illumination scheme to enhance the signal from gold nanorods by preferentially 
blocking background reflections, which increases the visibility of nanorod labels in a 
nucleic acid or protein sandwich assay. 
 Chapter three discusses the challenges posed by in-liquid nanoparticle detection, 
and presents instrumentation improvements to enable real-time imaging of microfluidic 
chip incubation.  We present two different solutions for creating disposable microfluidic 
cartridges, along with various approaches for fluidic actuation. 
 Chapter four discusses the challenges inherent in performing real-time data 
acquisition of nanoparticle binding in a microfluidic cartridge.  This chapter then presents 
two competing platforms for imaging-compatible microfluidic incubation.  The first 
approach uses a multi-layer polymer laminate which seals to the chip surface via a 
pressure sensitive adhesive.  In the second approach, micro machined through holes in 
the substrate allow for fluidic connections to be made directly through the chip surface 
via a clamping interface. 
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 Chapter four discusses improvements to image analysis.  First, we use numerical 
simulations to demonstrate how the ill-defined focal behavior intrinsic to common-path 
interferometric imaging presents an obstacle in the design of a nanoparticle detection 
algorithm, and demonstrate a solution using z-stacks of sequentially defocused images.  
We then present an algorithm for nanoparticle detection via template matching with 
numerically simulated templates, and demonstrate the power of z-stack analysis to correct 
for focal ambiguities in images of polystyrene nanospheres. 
 Chapter five discusses the increased complexity of surface binding kinetics 
presented by macro-molecular nanoparticles.  We present a model assay for nucleic acid 
detection using gold nanoparticle labels, and investigate the behavior of this assay under 
varying conditions.  Finally, we present a technique for tracking of individual binding 
events within a real-time dataset, and use this technique for the generation of binding-
behavior statistics for individual nanoparticles. 
 
1.2 – Optical Methods for Single Nanoparticle Detection 
Even since its widespread adoption in the 17
th
 century, the light microscope has 
been the essential tool for the characterization of biological particles.  While traditional 
light microscopy excels at characterizing relatively “large” objects such as bacteria, 
fungi, and prokaryotes, it has great difficulty in seeing biological nanoparticles that are 
smaller than its illumination wavelength.  This greatly limits the utility of light 
microscopy for the characterization of biological nanoparticles (BNPs), naturally 
occurring assemblies of molecules with at least one dimension in the 1-100nm size range 
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that have been synthesized by a biological system.  Although biological nanoparticles 
play a wide variety of roles within various biological processes[1], for the context of this 
dissertation we will focus our discussion on two types of BNPs: exosomes and viruses. 
Exosomes are extracellular nano-vesicles between 30 – 100nm that serve as 
messenger vehicles for intercellular exchange of proteins and nucleic acids.  Exosomes 
play roles in cell-cell signaling, antigen presentation, immune suppression and 
inflammation.  Exosomes have been identified as a highly stable source of disease 
biomarkers [2], as they are also secreted by cancer cells and are implicated in tumor 
growth, metastasis, and angiogenesis [3].  Unfortunately, the small size of exosomes 
combined with the similarity of their refractive index with water makes them very 
difficult to see with optical techniques.  As a result, exosomes are often characterized 
bulk methods such as dynamic light scattering (DLS), nanoparticle tracking analysis 
(NTA), and flow cytometry [4].  While these approaches are effective, they typically 
require that samples be isolated and purified before characterization, which limits the 
ability to investigate exosomes within their natural environment.  In addition, exosomes 
are heterogeneous in both size and composition, creating a polydisperse particle 
population for bulk analog techniques such as DLS to characterize properly.  While this 
dissertation does not focus specifically on exosome capture and analysis, the techniques 
presented here for detection and analysis of other types of BNPs can be applied to 
exosomes in a similar context.  Recently, an SP-IRIS system was used to detect and 
characterize exosomes from cerebrospinal fluid  [5].   
The second category of biological nanoparticle we will discuss are viruses.  
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Viruses play a critical and pervasive role in pathogenesis.  Unlabeled virus particles, like 
exosomes, are typically too small to be seen directly with visible wavelength light 
microscopy, necessitating the need for alternative techniques for detection and 
characterization.  Culture based techniques such as viral plaque assays can achieve 
sensitive detection levels provided sufficient time and a suitable growth medium, while 
molecular tests such as enzyme-linked immunosorbent assay (ELISA) and or polymerase 
chain reaction (PCR) can detect the presence of protein or nucleic acid biomarkers from a 
lysed sample.  While the above techniques can detect the presence of virus with good 
sensitivity, they bring with them certain limitations.  Plaque assays require the 
identification of a suitable growth medium as well as sufficient time for virus cultures to 
grow, whereas molecular techniques require stringent sample isolation and purification 
steps. 
While the techniques described above are an important clinical tool for the 
diagnosis of viral infection, they do not provide any information about the morphology of 
the virus particles themselves.  This is limiting in some contexts, as the morphology of 
virus particles contains a significant amount of information that can be used for both 
diagnosis and a better understanding of virus infectivity.  A study of viral hemorrhagic 
fever causing filoviruses has shown that filamentous Ebolavirus and Marburgvirus 
particles are more infectious than spherical particles simultaneously produced by the 
same infected cells [6], [7].  A recent study of influenza virus particle morphology 
reported significant differences in the shape of viral particles between clinical to cultured 
samples, raising questions about the role of particle shape on infectivity [8].  Information 
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on virus particle morphology also has value in an engineering context, where genetically 
engineered virus pseudotypes have increasingly seen use both in vaccine and assay 
development [9].  For example, Daaboul et al. was able to show in a 2014 study that viral 
particle size information could be used to differentiate between different pseudotypes of 
vesicular stomatitis virus as a function of genome length [10]. 
Unlike the detection techniques previously described, virus characterization is 
typically performed by high-resolution but low-throughput laboratory such as electron 
microscopy [11], [12], surface-enhanced Raman spectroscopy (SERS) [13], atomic force 
microscopy [14], and near field optical microscopy [15].  While these techniques offer 
power resolution for nanoparticle characterization, they do so at the expense of higher 
complexity and low throughput, and often require substantial sample purification and pre-
concentration steps before use.  This limits their ability to provide information on virus 
morphology in a clinical context, where the costly infrastructural requirements of said 
techniques have hampered their use at a large scale.   
 An alternative approach for nanoparticle sizing that has seen increasing use in 
recent years is Nanoparticle Tracking Analysis (NTA, Nanosight), which measures the 
scattering cross section and diffusion coefficient of nanoparticles as they move through 
solution due to Brownian motion [16].  NTA is comparatively easy to use relative to high 
resolution laboratory techniques such as electron microscopy, and can see nanoparticles 
as small as ~100nm without the need for fluorescent labels.  NTA does not require target-
specific reagents, making it a powerful tool for nanoparticle characterization following 
laboratory synthesis provided that there is a high (picomolar) concentrations of analyte.  
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In contrast, its poor sensitivity at low analyte concentrations and a lack of multiplexing 
capabilities has hampered its use in diagnostic applications.  A 2016 study by Steppert et 
al. [17] used NTA to characterize the size and concentration of virus-like particles 
(VLPs), defective enveloped particles produced during a viral replication process that 
cannot be measured with a traditional plaque assay due to their non-infectious nature.  
While effective, the lower limit of detection for NTA was determined to be 1.7 x 10
7
 
particles per mL, which is several orders of magnitude less sensitive than detection limits 
of commonly of commonly used diagnostic assays. 
 There is an emerging class of optical detection techniques that achieve high levels 
of multiplexing by detecting nanoparticles after they have been captured on a 
functionalized surface.  While liquid-phase assays such as ELISA or PCR require 
separate sample volumes to test different conditions, modern industrial microarray 
deposition techniques can easily and quickly functionalize a solid-phase sensor surface 
with hundreds or thousands of different capture probes, allowing a single sample to be 
simultaneously tested against many conditions.  Surface Plasmon Resonance (SPR) 
imaging measures changes to resonance behavior of a gold surface induced by the 
presence of a bound nanoparticle [18], while micro-ring and whispering gallery mode 
measure changes in resonant behavior for optical resonating structures fabricated on a 
sensor surface [19].  While the above techniques have been used for the characterization 
of a variety of nanoparticles, they have not seen widespread diagnostic due to 
heterogeneous sensor performance, cost, and equipment complexity. 
 Alternatively, the proximity of a nanoparticle to a surface can be used to enhance 
  
8 
its optical scattering.  The Single Particle Imaging Reflectance Sensor (SP-IRIS) is one of 
a growing number of techniques that can identify individual nanoparticles bound to a 
surface within a large field of view.  These techniques have been used for 
characterization of individual synthetic nanoparticles [20]–[22], [13], detection of natural 
nanoparticles [18], [23], [24], and detection of molecular analytes using synthetic 
nanoparticle labels [25].  At Boston University, SP-IRIS has demonstrated powerful 
capabilities for nanoparticle detection, even when detecting natural nanoparticles such as 
viruses and exosomes from complex sample media such as blood serum [26] and 
cerebrospinal fluid [5].  
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CHAPTER TWO – Detection and Discrimination of Surface Bound Nanoparticles 
Via Interferometric Amplification of Optical Scattering 
 
2.1 – Motivation 
 
 The primary goal of this dissertation is the development of infrastructure and 
methods to support the use of SP-IRIS as a robust assay platform.  In this chapter, we will 
review the history of SP-IRIS development and describe the theoretical and functional 
obstacles which have proved historically problematic in the development of an automated 
SP-IRIS assay.  We then offer a brief review of the underlying physical principles 
involved in the visibility enhancement provided by the reflectance imaging of 
nanoparticles bound to a layered reflective substrate.  Finally, we introduce two assay 
variants, and describe the functional differences between them. 
 The concept behind nanoparticle detection with SP-IRIS is fairly simple.  
Nanoparticles that bind to the chip surface create a visible interference pattern when 
imaged by a bright field reflectance microscope.  Images are recorded and analyzed with 
a software algorithm, which attempts to identify and characterize these interference 
patterns according to their appearance and intensity.  The algorithm then separates the 
desired population of nanoparticle signatures from spurious signals resulting from a 
variety of sources (including non-specific particulate binding, variations in capture probe 
morphology, and software artifacts).  Finally, the algorithm calculates surface density of 
nanoparticle signatures with the desired characteristics, which can then be used as a 
relative measurement of the concentration of analyte within the sample.  While the 
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process described above may seem straightforward, experience has shown that the 
functional reality of using SP-IRIS as a robust diagnostic platform is significantly more 
complicated.  Success in this endeavor would require solutions for a variety of obstacles, 
both theoretical and experimental. 
 Early research efforts in the development of SP-IRIS were focused on 
demonstrating that the normalized intensity of nanoparticle signatures could be used as a 
“sizing” metric to categorize surface-bound nanoparticles according to their volume.  
While these studies demonstrated that it was possible to predict the optical properties for 
a nanoparticle of known characteristics, it proved significantly more difficult to use these 
models in the reverse capacity – namely, to calculate the size of an unknown 
nanoparticle.  This problem was connected to the experimental observation that different 
nanoparticles within the single image would often require different focus positions to 
achieve maximum visibility, even though the physical variation in axial nanoparticle 
position was much smaller than the theoretical depth of focus of the optical system.  This 
phenomenon is related to the fact that, unlike non-interferometric microscopy techniques, 
the visible appearance of a bound nanoparticle was not equivalent to the point spread 
function of the optical system, but rather the result of scattered light interfering both with 
its own reflection and a strong reference field.  The ill-defined focus behavior described 
above made it impossible to achieve quantitative sizing of nanoparticles using only a 
single image.  Additionally, the variable appearance of a nanoparticle at any given focal 
plane presented a significant obstacle for nanoparticle detection algorithms, as it was 
impossible to create a single template to represent all potential particle appearances. 
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Research performed for this dissertation circumvented this problem by using z-
stacks of sequentially defocused images, ensuring that the full optical response would be 
recorded regardless of a nanoparticle signature’s appearance on any individual focal 
plane.  This approach was initially discovered as part of purely empirical efforts to 
improve the sensitivity and specificity of nanoparticle detection algorithms as part of the 
effort to transition from dry to in-liquid imaging.  This approach is discussed in greater 
detail in Chapter 4. 
 
2.2 – Interferometric Enhancement of Light Scattering with Layered Media 
 A typical SP-IRIS substrate consists of a silicon wafer covered with a thin film of 
thermally grown oxide, as shown in figure 2.1.  When imaged with a reflectance 
microscope, the visibility of light scattered by nanoparticles immobilized in the 
immediate vicinity of the oxide surface is interferometrically enhanced as a result of two 
interrelated processes.  Light that is scattered in the forward direction is reflected by the 
silicon – oxide interface, allowing it to propagate back towards the detector where it 
interferes with back-scattered light.  The total scattered light interferes with a reference 
reflected field at the detector, where the resulting intensity pattern is recorded by a 
camera. 
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Figure 2.1 – a) Common Path Interference of Nanoparticle light scattering.  Light reflected 
by the SiO2 Interface creates a strong reference field (Eref), which interferes with directly 
scattered light (Escat) at the detector.  B)  Optical schematic for SP-IRIS.  Illumination is 
provided by visible wavelength LEDs in a Kohler configuration. 
 
 The visible intensity of an interference pattern for a nanoparticle bound to a 
reflective surface can be approximated by the expression 
|𝐸𝑠𝑐𝑎𝑡 + 𝐸𝑟𝑒𝑓|
2
=̃  |𝐸𝑠𝑐𝑎𝑡|
2 + |𝐸𝑟𝑒𝑓|
2
+ 2|𝐸𝑠𝑐𝑎𝑡||𝐸𝑟𝑒𝑓| cos 𝜙,   (Eqn. 2.1) 
where 𝐸𝑠𝑐𝑎𝑡 and 𝐸𝑟𝑒𝑓 represent the scattered and reference fields, respectively.  The 
appearance of macroscopic particles (e.g. those larger than the illumination wavelength) 
is dominated by the intensity of the scattered field |𝐸𝑠𝑐𝑎𝑡|
2, which scales with the square 
of the particle volume.  As the size of the scattering nanoparticles is reduced past 
approximately half the wavelength of the illuminating light, the visibility of directly 
scattered light quickly drops.  In this regime, the observed intensity is dominated by the 
cross term resulting from the interference of the scattered field with the much stronger 
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reference field.  This interferometric component scales linearly with particle volume, 
which allows for nanoparticles to be detected at sizes much smaller than what would be 
possible through scattered light alone. 
 In order to quantify the size of a subwavelength sized nanoparticle, we must find 
a way to approximate the value of |𝐸𝑠𝑐𝑎𝑡|.  In a hypothetically ideal scenario, e.g. one in 
which the phase difference 𝜙 between the scattered and reference fields could be 
independently controlled, the optimization of 𝜙 for either perfect constructive or 
destructive interference would allow for a direct measurement of particle volume as a 
linear function of observed intensity.  While this is possible in heterodyne interferometry 
techniques which use an external reference arm allowing independent control of the 
reference field, SP-IRIS uses a layered thin film as a common-path interferometer in 
which the phase difference between scattered and reference fields results from the 
physical geometry and axial position of the scattering nanoparticle with respect to the 
reflective interface.  As a result, small changes in the axial location of nanoparticles (as 
shown in figure 2.2) can significantly alter the relative phases between fields, and 
produce a much larger degree of observed variation in nanoparticle appearance than what 
would be expected from observing scattered light alone.  In a similar fashion, 
nanoparticles of differing sizes would likewise produce variation in phase difference as a 
result of having simply having different diameters. 
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Figure 2.2 – a) Nanoparticle defocus behavior for a 100nm polystyrene sphere in air on 
100nm oxide (0.8 NA).  Adjusting the system focus changes the relative phase difference 
between reflected and scattered fields, which changes the appearance of the nanoparticle.  
B) Defocus trace of the normalized intensity of the center pixel compared to the local 
background for a 100nm polystyrene sphere.  C) The height of the nanoparticle from the 
substrate surface has a large effect on defocus behavior.  D) Defocus trace for two 
identically sized (60nm diameter) gold nanoparticles at different offsets from the substrate 
surface. 
 
 Early research into nanoparticle sizing with SP-IRIS attempted to address this 
issue by simulating the appearance of a range of particle sizes for a single focal plane.  
While this approach was able to show some success, it was limited by the fact that the 
resulting intensity “sizing curve” often had multiple potential solutions for a given 
intensity, which necessitated the cross referencing of images taken at multiple 
wavelengths in order to ensure accurate quantification (as shown in figure 2.3).  
Additionally, this approach was associated with considerable experimental difficulty with 
respect to finding the focal plane for which the sizing curve had been calculated, as the 
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reflective interface itself did not actually produce any visible features of its own for an 
operator to use as a guide.   As a workaround, operators would instead find the focal 
plane at which nanoparticles of the chosen demographic exhibited their maximum 
contrast [27].   
 
 
Figure 2.3 – a) Single Plane Sizing method introduced by Daaboul et. al. [28].   A dipole 
model is used to simulate the normalized intensity of a range of particle sizes with the 
system focused on the substrate surface under green (525 nm) or red (635 nm) illumination.  
Note that this is not necessarily the optimal focal plane for maximum contrast for each (or 
even most) of the potential particle sizes.  For the green (525 nm) sizing curve, this results in 
double values for large particles as a result of significant defocus.  b)  Sizing results for 75, 
100, 150, and 200 nm Polystyrene beads.  In order to quantify the full range of 
nanoparticles, different size regimes required imaging at different wavelengths: 75, 100, and 
150nm spheres were imaged with 525 nm illumination, and 200 nm spheres were imaged 
with 63 nm illumination.   
 
 Despite its shortcomings, the single-plane sizing method described above was 
successfully used to demonstrate sensitive detection in a variety of nanoparticles, 
including whole unlabeled virus particles and protein sandwich assays with gold 
nanoparticle labels.  These applications, while superficially different, shared a number of 
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key similarities which allowed for particle discrimination despite the significant 
limitations of the single-plane imaging approach.  To start, it is important to note that 
these applications did not actually demonstrate the capability to quantify the size of 
unknown particles, but rather the ability to discriminate between arbitrary noise sources 
and a homogeneous population nanoparticles with consistent geometry and 
characteristics.  As a result, the operator was often afforded the luxury of a field of view 
which contained many more instances of nanoparticle signatures of the chosen population 
than from noise sources.  This made it possible to intuitively determine the focal plane 
which maximized the observable contrast of the desired nanoparticle population.  The 
effectiveness of this approach was significantly reduced when attempting to detect 
analytes at very low concentration, as without the presence of many nanoparticle 
signatures it was very difficult for an operator to tell the difference between an image that 
was out of focus and an image that simply did not display significant surface binding.  
Likewise, the use of the single-plane approach for real-time imaging was similarly 
problematic, as it could be very difficult to determine system focus during early time 
points before enough nanoparticles had been captured to use as a focal reference. 
Additionally, the previously mentioned applications used an in-air measurement 
scheme in which SP-IRIS chips were washed and dried prior to imaging, which 
minimized variation in nanoparticle axial position resulting from the diffusive freedom of 
movement that those same bound nanoparticles experienced when immersed in solution.  
Indeed, these approaches reported significant difficulty with varying nanoparticle height 
as a result of inconsistent morphology of spotted capture probes, and relied upon 
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intensive quality control procedures with low yields to eliminate spotted microarrays that 
failed to achieve uniform spot heights. 
 Over the course of this dissertation work, it became clear that an alternative 
approach to imaging would be required if SP-IRIS were to be applied outside of the 
specific circumstances described above.  Many of the more interesting avenues of 
research concerning natural nanoparticles, such as the study of exosomes, did not 
necessarily result in a homogenous population of nanoparticles with similar 
characteristics, and would require a truly quantitative sizing solution despite the presence 
of significant size variation.  The historical requirement for an in-air imaging scheme 
limited experiments to endpoint-only measurements, and required a tedious manual 
sample incubation process with a significant dependence on operator technique.  While 
in-liquid imaging offered clear functional advantages for the end user over the dry 
imaging approach, it both reduced the visible intensity of bound nanoparticles and 
increased the variability of nanoparticle height from the substrate surface as a result of 
diffusive motion. 
 The shortcomings of nanoparticle sizing from single plane imaging stems largely 
from the fact that homodyne interferometers such as the SP-IRIS platform do not allow 
for the values of |𝐸𝑠𝑐𝑎𝑡| and 𝜙 to be measured independently of each other.  This being 
said, we later discovered a method through which |𝐸𝑠𝑐𝑎𝑡| could be approximated by 
analysis of the envelope function generated by the peak to peak intensity variation of a 
nanoparticle’s interference pattern as the system was moved in and out of focus.  This 
approach was first discovered serendipitously while investigating different ways to 
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visualize a 3-D z-stacks of sequentially defocused images as a 2D, when we observed 
that the difference between the maximum and minimum intensity values for a 
nanoparticle signature over a z-stack would produce a consistent 2D shape regardless of 
its intensity or where it was located within the z-stack [29].  Later analysis by Sevenler et. 
al. [30] provided a theoretical explanation for this phenomenon, and developed several 
metrics with which to characterize nanoparticle defocus behavior (as shown in figure 
2.4). 
 To understand this phenomenon, we can approximate a surface bound 
nanoparticle as a dipole emitter positioned at the location of the nanoparticle’s center of 
mass.  When illuminated with a plane wave at normal incidence, light scattered across a 
range of angles.  Light that is scattered directly back toward the detector at normal 
incidence is propagates with the same wave vector as the reference field; these 
components are therefore “locked” in phase to each other, and will interfere with a phase 
difference that will not change with system defocus.  In contrast, light that scatters at 
higher angles with respect to the optical axis will result in different wave vectors for the 
scattered field and the component of the reference field that aligns with its collection 
angle.  Because these components propagate with different wave vectors, a change in 
system focus will result in a different phase difference when the scattered and reference 
fields interfere at the detector.  The maximum contribution of these collections will 
coincide with the focal planes at which this phase difference results in maximum 
constructive or destructive interference. 
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Figure. 2.4 – Defocus based sizing metric introduced by Sevenler et. al. [30].  (a) Simulations 
of normalized intensity (at image center) of a 100 nm virus as a function of oxide film 
thickness and objective focus position (In-air, 0.8 NA). Two slices of this simulation where 
the film thickness is 50 or 100 nm are indicated by the dotted lines and plotted in (b) as 
defocus profiles. (c) NI Range for the range of oxide film thicknesses. (d) NI Range and (e) 
Peak plane separation are simulated for spherical virus between 50 and 150 nm in diameter 
on a 50 nm oxide film  
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2.3 – Polarization Enhanced Imaging of Gold Nanorods 
 Although the interferometric amplification of light scattering described in section 
2.2 allows for the direct detection of a variety of biological nanoparticles, many analytes 
(such as proteins and nucleic acids) are still too small to be seen in an unlabeled assay.  In 
this context, a metallic (typically gold) nanoparticle can be used as a secondary label in a 
sandwich assay format to provide a visible signal to indicate the presence of a bound 
analyte.  This approach is conceptually similar to fluorescent labels used in traditional 
protein and DNA microarrays, with the exception that SP-IRIS allows for binding events 
to be detected individually instead of as an analog ensemble signal.  The use of light 
scattering from nanoparticle labels has several advantages over fluorescence labeling.  
There are no issues with photobleaching or saturated emission rate, and unlike 
fluorescent molecules nanoparticles can be functionalized with inert coatings to prevent 
nonspecific interactions without disrupting the signal[31].  The use of Gold Nanoparticles 
(or GNPs) as sandwich assay labels has been previously explored in our lab [32] and in 
literature, using both ensemble [33] and single nanoparticle [25] detection schemes. 
The fundamental challenge in designing a nanoparticle label is the tradeoff 
between the nanoparticle’s visibility and its diffusivity in solution.  The diffusivity of a 
particle in solution scales with the inverse of its radius according to the Stokes-Einstein 
equation, 
𝐷 =
𝑘𝑏𝑇
6𝜋𝜂𝑟
 
where 𝑘𝑏 is Boltzman’s constant, 𝑇 is the absolute temperature, 𝜂 is the media viscosity, 
and 𝑟 is the particle radius.  Conversely, the contribution to the interferometric cross term 
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in equation 2.1 is driven by the amplitudes of |𝐸𝑠𝑐𝑎𝑡|, which scales with volume and 
material polarizability  
 
 𝐸𝑠𝑐𝑎𝑡 =̃  𝛼 =̃  4𝜋𝑟
3
𝜀𝑝 − 𝜀𝑚
𝜀𝑝 + 2𝜀𝑚
 
where α is the polarizability of the nanoparticle, r is its radius and 𝜀𝑝 & 𝜀𝑚 are the 
permittivities of the particle and its surrounding medium.  We only care about the 
visibility of the label to the extent that it allows us to easily see and count them, so the 
idea is to use as small a label as possible while keeping its visibility above the noise floor.  
Thickness variations in the morphology of capture probes result in background noise 
floor in the range of 1-2%, so an ideal label would present a normalized intensity of ~5% 
of the local background. 
Although plasmon resonance allows us to see gold particles of a smaller size than 
would be possible with a dielectric material, detecting gold nanoparticles smaller than 
~100nm in diameter using conventional (non-interferometric) optical techniques 
generally requires either a high magnification microscope with a limited field of view 
(~50x) [25], [32], or an silver staining growth step to increase the cross section of a 
smaller (3-5 nm) seed particles after surface capture [33].  Monroe et al [32] used a 50x 
0.8 NA objective to detect 40nm gold nanospheres in a sandwich assay for allergen 
proteins.  At this magnification, a typical camera will achieve a field of view (FOV) of ~ 
150-200 µm square, requiring that each condition within a microarray be imaged 
separately.  While this may have been acceptable in the context of natural nanoparticle 
imaging, where nanoparticle size measurements have the potential to provide additional 
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and potentially useful information about biomarker morphology, the size of a 
nanoparticle label in a sandwich assay is not intrinsically important enough to justify 
such a low throughput.  In order to maximize the assay throughput without paying 
diffusive penalties, we wanted to find a way to increase the visibility of nanoparticle 
labels without increasing their size, which would allow us to reduce the magnification of 
our objective without sacrificing assay sensitivity. 
 Towards this goal, we have developed a technique to take advantage of the 
asymmetric scattering behavior of gold nanorods by preferentially block light based on its 
polarization state.  When illuminated at a resonant wavelength of 660 nm, a 25 nm x 71 
nm nanorod scatters light up at a polarization state aligned with its major axis 25x more 
strongly than aligned its minor axis [30].  Functionally, this means that light which 
interacts with a nanorod label has its polarization perturbed much more strongly than 
happens with background reflections, allowing us to build a set of polarization filters into 
the instrument to preferentially reduce the background without affecting scattered light.  
The instrument, as described in figure 2.5, provides circularly polarized illumination in a 
Kohler configuration.  After passing through the objective and interacting with nanorods 
labels on the surface, light passes through a quarter wave plate and linear polarizer on its 
way to the analyzer, which blocks light that retains its original circular polarization state. 
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Figure. 2.5 – Circular Polarization Enhancement of Scattered Light with Gold Nanorods.  
A)  Nanorods illuminated with circularly polarized light most strongly scatter light that is 
linearly polarized along their major axis.  B) Optical diagram of circular polarization 
enhancement instrument.  A linear polarizer (LP1) and quarter wave plate (QWP1) in the 
illumination arm provide a circularly polarized incident field on the chip surface.  A second 
set of components in the analyzer arm (LP2 and QWP2) partially block circularly polarized 
reflections.  Light scattered by nanorods on the surface will have a perturbed polarization 
state, allowing it to pass through QWP2 and LP2 to a much greater extent than background 
reflections. 
 
 A significant implication of this mechanism is that the appearance of the label 
within an image is a strong function of the orientation of the nanorods on the surface.   
Figure 2.6, shows how nanorods appearance varies according to orientation angle.  This 
is especially problematic in the context of real-time imaging, as Brownian motion of the 
nanorods in solution will result in “flickering” of their appearance over time.  The period 
of flickering is generally slow with respect to the shutter speed of the camera, so there is 
a chance that in an image any given label will appear light, dark, or be caught somewhere 
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in between (Fortunately, the labels are sufficiently bright that they stand clearly against 
the background).  Figure 2.6 demonstrates the heterogeneity of nanorods appearance. 
 In order to robustly detect all nanorods regardless of their orientation, we can use 
the same z-stack approach previously developed for unpolarized SP-IRIS imaging.  
While there is always some fraction of nanorods that are not visible at a given focal 
plane, scanning a region around the nominal plane ensures that some signal will be 
collected for all labels regardless of their orientation.  The resulting appearance of the 
nanorods in the compressed intensity range image will be somewhat arbitrary, as 
nanorods will commonly change orientation in the middle of a z-stack during real-time 
imaging. 
 The polarization enhanced nanorods imaging technique described in the section 
represents significant in the effort to increase the throughput of the SP-IRIS platform.  
(While this dissertation discusses the use of this technique in the specific context of in-
liquid imaging, parallel research efforts conducted by Dr. Derin Sevenler have shown that 
significantly increase the bandwidth of in-air SP-IRIS imaging as well [34]).  In addition 
to its higher throughput, the longer working distances afforded by a lower magnification 
objective opened up new potential paths in the design of microfluidic cartridges 
(discussed in section 3.8-3.10).  
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Figure. 2.6 – Validation of numerical simulations of gold nanorods. (a-c) Cropped slices 
from the 25x71 nm gold nanorod dataset described in text, where θ is the illumination 
polarization angle. (d) Hue-Saturation-Value representation after fitting a sinusoid to each 
spatial position pixel as a function of illumination polarization angle. Value (i.e., brightness) 
indicates the presence of a particle and Hue (i.e., color) indicates particle orientation. (e) 
Comparison of simulated and measured normalized intensity of a 25x71 nm gold nanorod 
aligned parallel to the illumination polarization direction, as a function of defocus (59 
particles, 50x 0.8 NA, λ = 630 nm).  Adapted from [30] 
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Figure 2.7 – In-air images of 25 x 71 nm gold a) without circular polarization enhancement, 
and b) with circular polarization enhancement.  While the use of circular polarization 
enhancement dramatically reduces the total amount of collected light (by about 60x), the 
visibility of surface bound nanorods is significantly enhanced.  Note that the volumetric 
sizing of nanoparticles based on their observed previously discussed for unpolarized 
imaging of nanoparticles does not apply in this context, as the appearance of nanorods with 
circular polarization enhancement is an arbitrary function of particle orientation. 
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  CHAPTER THREE – Enabling In-Liquid Imaging 
3.1 – Development of an In-Liquid Imaging Solution for SP-IRIS Assays 
 
Earlier implementations of the SP-IRIS platform for the detection of individual 
biological nanoparticles was based on the in-air imaging of dry chips that had previously 
been manually incubated with liquid samples in petri dishes.  In-air imaging of a dry chip 
allowed for the simplest and most straightforward path to visualizing nanoparticles, as the 
difference in refractive index between the nanoparticles and air is typically larger than 
what can be achieved in a liquid medium.  Unfortunately, the process for manually 
incubating sample and drying chips without leaving residue on the chip surface required 
significant skill and manual dexterity, leading to variable assay performance between 
different users.  Differences in hydrophobicity between spotted and unspotted chip 
regions made it difficult to evenly dry the chip surface without preferentially leaving 
nonspecifically adsorbed particulate in active regions. 
The effort to transition from an in-air imaging process of dry chips to an in-liquid 
imaging paradigm was motivated by the potential for both pragmatic and technical 
improvements to the system.  Real-time imaging of nanoparticle binding to the chip 
surface avoids the need to dry off the chips beforehand, which reduces signal noise due to 
nonspecific surface binding of nanoparticles.  While petri-dish assays require an imaging 
step both before and after sample incubation to account for pre-existing features due to 
variations in spot morphology, real-time imaging allows for these three steps to be 
performed automatically as an intrinsic part of the experiment.  The elimination of the 
drying step also makes the assay concept significantly more attractive for adoption by 
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potential end-users by reducing complexity and the dependence of assay quality on 
operator skill level.  Additionally, the development of in-liquid imaging allowed for the 
design for a hermetically encapsulated microfluidic system with minimal fluid handling 
steps after sample loading.  This integration allowed for easier compliance with bio-
safety standards and allowed for safer detection of potentially dangerous pathogens.  In 
addition to the functional advantages described above, real-time imaging provides more 
insight into the kinetic behavior of surface binding than endpoint measurements can 
provide. 
While the potential benefits of this transition were clear, its associated technical 
obstacles were correspondingly difficult.  In order to accomplish this goal, we generated 
a set of design requirements as follows.  The initial focus of this effort was the 
development of microfluidic incubation and imaging system compatible with medium 
throughput assay operation with minimal user input. 
 Topside imaging compatible microfluidic incubation channel 
SP-IRIS platform operates via common-path interferometric reflectance 
microscopy, which means that the imaging path must pass the ceiling of the 
incubation channel.  Subsequently, the incubation channel must be fabricated 
from transparent materials of high optical quality. 
 Room temperature sealing 
While there are many techniques for creating sealed microfluidic systems that 
have previously been reported in the literature, many of these techniques use 
high-temperature or high-energy surface treatment processes that would destroy 
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fragile biomolecules.  Because micro-arrays are fabricated prior to cartridge 
assembly, the design must use a room-temperature bonding process to avoid 
damage to secondary structures within the spotted biomolecules. 
 Working distance compatibility 
SP-IRIS uses high-NA objective with short working distances in order to provide 
sufficient contrast for biological nanoparticle detection.  Subsequently, a 
disposable microfluidic cartridge design must avoid features which protrude 
above the plane determined by the bottom-most projection of the objective, as this 
produces the potential for mechanical crashing events which could cause serious 
damage to system hardware. 
 Disposable Cartridge Production Cost 
The cost per assay should be minimized as much as possible. 
 Low Birefringence (Polarization based systems only) 
Polarization enhanced imaging of asymmetric gold nanorods depends strongly on 
control of the polarization state of incident light.  This specifically pertains to the 
material selection for the viewing film used in cartridge construction, which must 
allow for light to propagate without undergoing changes to its polarization state.   
 
 
 
  
30 
3.2 – Microfluidic Cartridge Design 
An initial goal in the SP-IRIS development process was to design a microfluidic 
system for the label-free detection of virus.  As described in the previous section, our aim 
was to develop a disposable microfluidic incubation cartridge.  While this chapter will 
discuss various approaches to this challenge (along with variations for different 
applications), it is important to first discuss the role of production scale in the progression 
of the design process.   
The development of an in-liquid SP-IRIS imaging system progressed through 
three distinct stages, each with its own set of specific needs (as described by table 3.1).  
The initial exploratory phase was largely focused on producing proofs of concept, in 
order to identify which potential concepts were the most promising candidates for further 
development.  In 2011, SP-IRIS had been successfully used in an in-air imaging 
configuration for a number of applications, but had not yet been used for real-time 
imaging.  As such, the goal these early research efforts at this stage were largely focused 
on defining the instrument parameters necessary to enable in-liquid imaging.  Immersing 
virus particles in a liquid solution typically produces a smaller difference in refractive 
index between the nanoparticle and the surrounding media, which reduces the degree to 
which incident light is scattered.  In order to start our design process, we first needed to 
answers to some very basic questions: What objective magnification and numerical 
aperture will be needed to collect enough light for virus detection?  How much working 
distance between the chip surface and the objective will be needed to fit a microfluidic 
channel?  Will imaging through a solid window induce aberrations that interfere with 
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particle detection?  Can we use the same chip substrates previously developed for in-air 
imaging?  To answer these questions, we fabricated a small number of crude prototype 
cartridges from glass coverslips and adhesive films.  These devices were not true 
incubation chambers; in addition to being fragile and difficult to work with, they could 
not be attached to a pump.  Instead, these prototypes were used to create an in-liquid 
imaging environment for chips that had previously been manually incubated with virus 
sample in petri dishes according to the traditional method.  Using these devices as a 
starting point, we were able to identify a 40x, 0.9 NA Nikon objective with which virus 
particles were visible when immersed in water.  The short working distance of this 
objective imposed the requirement that future cartridge designs have a total thickness of 
no more than 300 µm.   
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Project Stage Exploratory Prototyping Production 
Usage Rate <10 total 3-10 per month 50-1000 per month 
Purpose of Cartridge 
Design for current 
stage 
Reusable reference 
sample for 
establishing 
instrument 
parameters 
Disposable for iteration 
and validation of 
cartridge design  
Low cost  
Intended User(s) Instrument 
Developer 
Instrument Developer 
Assay Developer 
 
End User 
State of System 
Parameters 
Instrument 
Parameters 
Undefined 
 
Cartridge Design 
Undefined 
Instrument Parameters 
Defined 
 
Cartridge Design under 
Iteration 
All parameters defined 
Acceptable Per Unit 
Cost 
High (>$100) Moderate ($35-$100) Low (<$10) 
Acceptable 
dependence on 
permanent system 
components 
Minimal Moderate. High. 
Acceptable degree of 
assembly required 
Extensive Moderate Minimal 
Acceptable degree of 
system ease of use 
Manual Operation 
Acceptable 
 
In-depth system 
knowledge required 
Semi-Automated 
operation 
 
Significant training 
required 
Fully Automated 
 
Minimal training 
required 
Cartridge 
Manufacturer 
In-house fabrication External Vendor External Vendor 
Acceptable yield Low yield is 
acceptable. 
 
 
Moderate Yield 
Required. 
 
Low volume allows for 
each cartridge to be 
individually inspected. 
High Yield required. 
 
High volume production 
does not allow for 
individual device 
inspection. 
Fabrication 
Approach 
Glass Coverslips 
with laser-cut 
adhesive films. 
Multi-Layer Polymer 
Laminate Cartridges 
with self-contained 
fluidic connections 
Single-layer Laminate 
Cartridges for Laser-
machined substrates with 
an external fluidic 
manifold 
 
Table 3.1 – Comparison of Design Constraints imposed by Project Stage and Production 
Scale 
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Although our initial prototypes functioned well enough to define our optical 
system parameters, it quickly became clear that a glass microchannel would not be an 
acceptable permanent solution.  While providing good image quality, the highly fragile 
nature of the glass coverslips was not compatible with the idea of a robust disposable 
cartridge.  To overcome this obstacle, we investigated the potential for microfluidic 
channel fabrication using polymer laminate technology.  Polymer laminates have been 
widely used to create commercially available hybridization chambers for microarray 
incubation with many attractive characteristics when compared to competing 
technologies.  Polymer films can be easily and rapidly fabricated via laser-cutting, which 
allows for easy iteration of device geometry without the need for the typically tedious 
molding process required to create microfluidic structures via soft lithography.  The 
resulting devices are very thin (typically protruding less than 300 µm above the chip 
surface), making them compatible with the short working distance of our optical system.  
PSA films were capable of making room temperature seals against the chip surface at 
room temperature, allowing for chips to be functionalized with biomolecules on an 
automated spotted before cartridge assembly, and later installed into disposable devices 
without biomolecule degradation.  The polymer films were significantly more robust than 
glass coverslips of similar thickness, thereby avoiding the potential for both device 
failure and safety hazards due to sharp edges (a critical requirement for assays 
interrogating samples with potentially dangerous pathogens). 
We developed two competing cartridge designs using laminates (as shown in 
figure 3.1A).  In the first concept, we used multiple film layers to create a fluid routing 
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structure within the laminate structure, an approach that was ideal for iterating the design 
of prototype cartridge produced at low volume.  The rapid rate of iteration during the 
prototyping stage discouraged the use of design concepts which relied on interfacing with 
permanent system components of a specific design, as subsequent design changes could 
quickly render these potentially expensive components obsolete.  In contrast, multi-layer 
polymer laminate technology allowed for fluidic tube connections to be incorporated 
directly into the disposable itself, which allowed for the location and geometry of 
microchannels and fluidic connections to be adjusted without the need for alterations to 
the underlying instrument.  Furthermore, the fluid path was not limited to the geometry of 
the sensor chip itself; this permitted for hose barb fluidic connections to be placed far 
from the objective while maintaining a minimal chip footprint, and allowed for the 
relative small chip layouts previously developed for in-air imaging to be used without 
modification.  Similarly, the extra real estate provided by the multi-laminate assembly 
created a platform into which additional fluid pumping and routing components could 
later be incorporated (as discussed in sections 3.4-6). 
In the second approach, we aimed to create an inexpensive and scalable design 
compatible with the requirements of a production level disposable (as described by table 
3.1).  While the multi-layer laminate cartridges performed well in the prototyping stage, 
the need to align multiple layers during fabrication increased the per-unit cost past what 
was acceptable for a production-level disposable.  Likewise, our previous aversion to the 
use of permanent instrument components for providing fluidic connections no longer 
applied to outside the prototyping phase, as the one-time cost of permanent system 
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components was less relevant compared to the ongoing cost of disposables.  With this in 
mind, we developed a scalable cartridge design using simple single-layer polymer 
microchannel coupled with specialized chips containing micro machined thru-holes 
(Figure 3.1B).  These incubation chambers were designed to interface with reusable 
fluidic manifold in custom clamping fixture (discussed later in section 3.10), which 
routed the fluid towards external fluidic connections through the bottom of the fixture.  
This design, which we refer to as Thru-Silicon Via (TSV) cartridges, allowed for a 
dramatically cheaper disposable cost (~ $5 each, compared ~$35 - $100 per multi-layer 
laminate cartridge) in exchange for the need to clean and maintain a permanent fluidic 
manifold component.  Additionally, because this approach utilized a clamping 
mechanism to provide the force required by the O-ring seal, the design was only 
applicable to imaging with a lower magnification objective that allowed for a large 
enough working distance to encompass all fixture components (0.9 mm).  Although this 
requirement did not allow for the use of the initial design of TSV chips in label-free virus 
detection, whose 0.9 NA objective with a 300 µm working distance did not allow enough 
space for clamp components, we later identified a compatible alternative objective with a 
0.95 mm working distance.  Additionally, this design offered an ideal solution for high-
throughput experimentation via polarization enhanced imaging of gold nanorods, whose 
large available contrast allowed for easy detection using a lower magnification objective 
(20x, 3.5 mm WD) 
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Figure 3.1 – Fluid Routing Options.  Two paths were investigated to route sample solution 
from an external source through a polymer laminate microfluidic incubation channel.  A) 
Multiple polymer laminate films containing aligned features create a 3D channel structure.  
Fluid is routed away from the chip through channels located between sealed laminate 
layers.  B)  Microchannel is formed by an optical quality polymer film bonded to a single 
PSA channel layer.  Fluid connections are formed via a clamped o-ring interface with thru-
hole machined directly into the chip substrate, which connects to permanent tube 
connections through the bottom of the clamping fixture.   Figure 3.1A is adapted from [26] 
 
3.3 – Multi-Layer Laminate Flow Cells 
The basic multilayer laminate design consists of 6 bonded layers, as described by 
Figure 3.2.  The base layer 1 is comprised of a 1.5 mm acrylic sheet, with laser-cut recess 
sized to accept a diced IRIS chip.  While this layer does not contain fluidic components, 
it provides a rigid base to guide chip installation and serve as a foundation for subsequent 
layers.  Layer two consists of a 25 µm silicone PSA containing the incubation channel 
geometry.  This layer is exposed within the recessed area of layer 1, and forms a room-
temperature bond with the chip surface during installation.  Layer 3 forms the top of the 
incubation channel through which images are taken, and is the only layer in the assembly 
requiring optical quality.  Layer 4 contains channel geometry to route fluid away from the 
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chip incubation area, along with a cut-out over the incubation channel so as not to 
obscure imaging through the layer below.  Layer 5 forms the top of the fluid routing 
channels.  Finally, layer 6 consists of a 2
nd
, smaller piece of 1.5 mm acrylic, providing a 
top rigid surface onto which fluidic hose barb connectors are glued. 
 
 
Figure 3.2 – Top) A layer by layer breakdown of the basic multi-layer laminate cartridge.  
Bottom) An assembled multi-layer laminate cartridge with an SP-IRIS chip installed. 
 
Another early concern was the issue of repeatable angular alignment between the 
optical system and the chip surface.  The high-NA objectives required to provide 
sufficient contrast for nanoparticle imaging had very narrow depths of focus – early 
experiments showed that the system focus must be kept within a 300 nm window 
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centered around the optimal focal plane in order to keep the variation in nanoparticle 
contrast under 10% of its peak value.  If the stated goal was to simultaneously image all 
nanoparticles in a 500 um wide field of view within this 10% error window, then the 
cartridge fixturing interface would be required to maintain an angular alignment between 
the chip and the optical system within an error of ~.05 degrees. 
While it is possible to maintain this level of geometrical accuracy with precision 
machined parts, these tolerances are significantly tighter than those easily achievable in 
mass-produced and disposable plastic components.  Fortunately, the achievable 
tolerances of silicon wafer production techniques do fall within this target window.  In 
order to maintain system alignment, it was decided that the cartridge design would have 
to allow unhindered access to the back surface of the chip substrate, so that the alignment 
variability of the interface between the cartridge and the tip/tilt mechanism would depend 
only on the consistency of the silicon chip substrate itself.  We then designed and 
fabricated a cartridge fixturing mechanism with a vacuum interface to support the 
cartridge by interfacing only with this exposed chip backside (Figure 3.3).  This interface 
contained two co-planar vacuum interfaces for easily switching between dry and in-liquid 
viewing modalities, as both surfaces were supported by a single tip-tilt adjuster for 
universal alignment. 
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Figure 3.3 – Custom Vacuum Chuck and Tip-Tilt Adapter for fixturing of both bare chips 
and multi-layer laminate cartridges.  Co-Planar viewing regions allow for both wet and dry 
experiments to be conducted without needing to replace or re-align components. 
 
3.4 – Internal Fluid Actuation 
After we had validated the use of multi-layer polymer laminate cartridges using 
an external fluidic pump, we investigated the incorporation of internal fluid actuation 
mechanisms into the disposable unit itself.  This ability would make it possible to 
conduct an SP-IRIS assay without any need for fluid contact between disposable and 
permanent system components, dramatically increasing its ease of use and compatibility 
to applications concerning potentially dangerous pathogens.   
We investigated two concepts for creating a self-contained microfluidic 
disposable with integrated fluidic actuation.  In the first path, we investigated the 
potential for incorporating miniature peristaltic diaphragm pumps into the fluidic path of 
the multilayer laminate structure, as shown in Figure 3.4.  These diaphragm valves were 
Wet Imaging Region 
Dry Imaging Region 
Vacuum Inputs 
Tip / Tilt Adjustment 
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fabricated by placing a flexible membrane between a small obstruction in the fluidic 
pathway and a pneumatically controlled upper chamber.  Applying vacuum to the 
pneumatic control chamber would cause flex the membrane upwards, creating a 
temporary path across the obstruction.  Conversely, applying positive air pressure would 
force the membrane against the seal, closing the valve.  In the second path, we 
investigated the incorporation of a wicking pad downstream of the incubation channel, 
which once initially wetted would draw subsequent sample across the chip region through 
capillary action.   
While the two approaches shared a common end-goal, each offered distinct 
advantages and disadvantages.  While passive fluid activation using an integrated 
wicking-pad offered a potentially ideal solution, integrating sample loading, pumping, 
and waste disposal into a single disposable, this path required that the cartridge geometry 
be developed for a specific set of assay and volume requirements.  Because the device 
performance was defined by system geometry, the cartridges would not be adaptable to 
varying flow rates once fabricated, and would potentially offer varying performance 
when used with different liquid media.  Conversely, the active pumping concept using 
integrated diaphragm pumps would provide a flow rate dictated by control of the active 
components.  This approach avoided many of potential pitfalls associated with wicking 
pad integration, as issues with liquid media variation and layer alignment should have 
had a hypothetically weaker effect on consistent device performance.  Direct flow rate 
control using internal active pumps came at the cost of a continued need for an external 
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control system, however, which reduced the utility of the system when compared with the 
truly standalone passive approach. 
 
3.5 – Peristaltic fluid Pumping with Integrated Diaphragm Valves 
The peristaltic pumping cartridge was designed around the basic multilayer 
laminate flow cell concept previously validated for virus capture using an external 
syringe pump.  A microfluidic channel was formed by bonding an SP-IRIS chip to a 
laser-cut PSA to form a microfluidic incubation channel with an optical-quality polymer 
film for topside imaging.  Diaphragm pumps were added into the fluid line before and 
after the incubation channel, which could operate as a peristaltic pump when activated in 
sequence.  Finally, 100 microliter liquid reservoirs were added adjacent to the inlet and 
outlet ports, so that sample could be pipetted directly into device. 
Control of the supply of air pressure and vacuum to the pneumatic control 
chambers was achieved through the use of the ADEPT (Aline Development PlaTform) 
pneumatic controller purchased from Aline, Inc (Rancho Dominguez, CA).  The ADEPT 
allowed for either positive or vacuum air pressure to be applied to a diaphragm valve 
over a single line, and allowed for coordinated control of multiple valve channels in both 
manual and automated operating modes.  The flow rate of liquid with the cartridge was 
controlled by varying the dwell time between sequence steps, with lower dwell times 
producing faster flow rates. 
While the diaphragm valve cartridges required the user pneumatic connections 
between disposables and the ADEPT controller, these connections avoided the potential 
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for inter-sample contamination as they did not make contact with the sample fluid itself.  
These connections could be made by connecting pneumatic tubing directly to hose barbs 
on the disposable cartridge itself for real-time imaging (Fig 3.3B), or through the use of a 
pneumatic manifold for off-instrument incubation followed by end-point imaging.   
 
Figure 3.4 – Multi-layer Laminate Cartridge with Integrated Diaphragm Valves.  A) 
Diaphragm pump cartridge with individually connected pneumatic lines.  B) ADEPT 
controller and pneumatic interface manifold for off-system incubation.  C)  Schematic of 
Device Components. 
Valve Actuation was dictated by a 6-step control sequence, with each step 
defining all three valve states as shown in Figure 3.5A.  Flow rate measurements were 
performed with both water and FBS (Fetal Bovine Serum) to test the effect of different 
on device pump performance (Figure 3.5B).  For each condition, 100 µl of liquid was 
pipetted into the input reservoir, and the time for the liquid volume to be completely 
transferred to the waste reservoir was recorded.  From this measurement, the average 
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flow rate was calculated and compared to the theoretical value of the system as derived 
from the valve geometry and sequence dwell time.   
 
Figure 3.5 – Diaphragm Valve Control and Flow Rate Testing.  Left) Control sequence for a 
single peristaltic cycle.  Open and closed valve states are represented by an O and X, 
respectively.  Right) Measured and theoretical flow rates for a range of valve sequence 
dwell time. 
 
Although we found that the diaphragm valves were effective in creating peristaltic 
fluid flow, we discovered several drawbacks that reduced the attractiveness of the 
concept for creating a self-contained fluid pumping solution.  Although the valve action 
worked well with water and high surface tension liquid, they were prone to inducing a 
frothing effect when applied to media with low surface tension (e.g. buffers containing 
detergent).  This effect could be minimized by manually opening all three valves and 
overfilling the input reservoir until the channel is completely wetted, which prevents the 
potential for the valves from closing when they are partially filled with liquid.  While 
reasonably effective, this approach removes the option of using assay volumes lower than 
the reservoir volume, negating one of the primary hypothetical advantages of the active 
pumping approach when compared to the use of a passive wicking pad.  An additional 
obstacle encountered during testing was related to the use of microarray stabilizer to 
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increase the homogeneity of the initial wet-out of the microarray.  This will be addressed 
later in section 3.7. 
 
3.6 – Capillary Driven Wicking Cartridge 
In a parallel effort to the active diaphragm pump design, we investigated the use 
of an integrated wicking pad to provide an internal fluid activation force via capillary 
action.  This solution represents an ideal hypothetical solution for a self-contained SP-
IRIS assay. 
To achieve this goal, we needed a way to design a wicking pad capable of 
providing flow for a sufficient volume and duration to interrogate the entire sample.  
While wicking pads have been extensively used in the fabrication of lateral flow strips for 
a wide variety of applications, the flow profile of the simple rectangular wicking pad 
used in such applications does not provide the constant flow rate optimal for our 
application.  As described by the Lucas-Washburn equation the flow rate of a liquid 
through a porous medium decreases inversely with the length of the wetted pad.  To 
overcome this obstacle, we adapted concepts from literature[26] to design multi-layer 
laminate cartridge containing a two stage wicking pad with to achieve quasi-steady flow 
over an extended period (Figure 3.6) [26].  The first stage consists of a long, narrow strip 
with a rectangular cross section (referred to as the stem), followed by second stage 
containing a 270-degree fan shape (referred to as the fan).  Within the first stage, the flow 
rate of the sample liquid decreases as it wicks down the length of the pad.  Once the fluid 
front reaches the fan stage, however, the increasing perimeter of the advancing flow front 
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increases the driving force at approximately the same rate as the increasing fluidic 
resistance, resulting in a quasi-steady flow rate until the fan section was fully wetted.  
The quasi-steady flow rate could be adjusted by altering the width and length of the stem 
phase, while the total fluid transported could be controlled by the radius of the fan 
section. 
 
Figure 3.6 – Two Stage Capillary Wicking Pad Cartridge developed by Scherr et al. [35]  A) 
Image of cartridge showing capped input reservoir (left), IRIS chip (center) and two stage 
wicking pad (right).  B) Wicking Flow rate decreases inversely with wetted pad length in 
phase 1, followed by quasi-steady flow until pad material in phase 2 is completely wetted.  
C) Layer breakdown of multi-laminate assembly. 
 
An empirical analysis of the fluid front moving across the pad demonstrated that the 
designed pad shape does in fact maintain a quasi-steady flow rate. A 100 µL sample was 
placed in the reservoir and the fluid was pushed into the channel by screwing a luer cap 
onto the reservoir, thereby displacing air. Once the fluid contacted the absorbing pad, the 
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material continued to wick the sample into the pad at a quasi-steady rate. This continued to 
draw fresh sample over the sensor without the need for external fluid actuation giving a 
repeatable incubation of the sensor. In order to measure the flow rate, images were taken 
every 30 seconds. The wetted region (shown in red in Figure 28A) was calculated as a 
percent of the total pad area (shown in blue in Figure 28A). The percent of wetted area was 
then multiplied by the total volume absorbed during the experiment to determine the flow 
rate at each time interval. Analysis of the fluid front moving across the pad showed that the 
designed pad shape did in fact maintain a quasi-steady flow rate of ~3 µL/min for 
approximately 20 minutes, as shown in Figure 3.7.  
 
 
 
Figure 3.7 – Validation of quasi-steady flow Rate.  A) Images were taken at 30 second 
increments, from which the total amount of wicked fluid volume was measured by 
analyzing the wetted region of the fan as shown in red.  B)  The derivative of this volume 
measurement was calculated to show quasi-steady liquid flow during phase 2. Adapted from 
[35] 
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3.7 – Uneven Wetting in Microfluidic Channels  
 The presence of micro-arrayed capture probes on the chip substrate creates 
heterogeneous regions which exhibit varying degrees of hydrophobicity.  While this 
effect varies in magnitude depending on the capture probe in question, it is often strong 
enough create problems during the initial wetting of a microchannel with sample 
solution.  As fluid flows through the incubation channel for the first time, the fluid front 
advances more slowly over the spots than compared to the empty regions due to the 
relatively more hydrophobic surface presented by the antibodies, as shown in figure 3.8. 
 This phenomenon is more prevalent in protein-based assays than in DNA assays 
due to the larger variations in surface energy of proteins when compared to reliably 
hydrophilic DNA surfaces.  We first noticed this phenomenon during experiments 
performed in basic multi-laminate cartridges; though problematic, the issue could be 
addressed by pulsing sample through at higher speeds until trapped air bubbles became 
dislodged, typically performed by flicking the plunger of an externally attached syringe 
with a finger.  While this admittedly low-tech approach was sufficient to address 
problems with trapped air in syringe-pump driven cartridges, a permanent solution was 
required for cartridges with integrated pumping mechanisms, as these devices do not 
allow for manual manipulation of the flow rates. 
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Figure 3.8 – Uneven Wetting of microarrays in microchannels.  A) The polymer-coated 
microarray substrate surface can be significantly more hydrophilic than the capture 
probes, resulting in an uneven fluid front during the initial wetting of the channel.  B) This 
phenomenon promotes the preferential trapping of air pockets around spot locations, which 
interferes with subsequent imaging steps. 
We hypothesized that because air was being trapped due to interaction with a non-
uniform surface, the issue could be avoided by depositing a coating of an artificial 
hydrophilic material over the microarray region.  We then investigated the use of 
StabilGuard Microarray Stabilizer solution (Surmodics, Eden Prairie, MN) as a potential 
solution to this issue.  Microarray stabilizer solution is a commercially available product 
designed to prolong microarray shelf life by coating spotted microarrays in a sugar shell 
that prevents interactions between covalently bound capture probes and the ambient 
environment.  Although we had originally procured the microarray stabilizer solution 
with the intent to study the shelf life of spotted chips, we discovered that it provided an 
ideal solution for increasing the homogeneity of microchannel wetting. 
After spotted chips were sealed into disposable cartridges, a small volume of 
microarray stabilizer (~20 µL) was loaded into the input port of the cartridge, and pushed 
through the device by air delivered via empty pipette.  As the stabilizer solution dried, it 
deposited a layer of sugars on the chip surface and microchannel walls, effectively 
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disguising the varying intrinsic surface energies of the chip surface and channel walls 
with a homogenous hydrophilic coating.  When sample liquid was subsequently loaded 
into the device, the presence of the stabilizer coating allowed for channel wetting to 
proceed with an even fluid front that avoided the issues with trapped air associated with 
unprotected microarray surfaces.  The stabilizer coating rapidly dissolves into the sample 
liquid after wetting, and did not have any observable effect on assay performance. 
While the use of microarray stabilizer solution was effective in avoiding the 
trapping of air within the microarray incubation chamber itself, it was not universally 
compatible with the different fluid actuation schemes used by self-contained cartridges.  
This solution was found to be most effective in conjunction with capillary driven 
cartridges, as flow-through deposition of stabilizer solution was not found to interfere 
with device performance.  Unfortunately, flow-through application of stabilizer solution 
was found to significantly degrade the performance of cartridges with internal pumps, as 
the sugar residues left by dried solution provided prone to clogging the active pumping 
elements.  As an alternative to flow-through deposition, we developed a method for 
directly depositing stabilizer directly onto IRIS chips already functionalized with 
microarray spots using the Scienion Spotter, as show in Figure 3.9.   This approach 
avoids the aforementioned compatibility problems by preventing stabilizer solution from 
interacting with any active pumping components, at the cost of significantly higher effort 
during chip preparation methods. 
It is important to note that in order for direct stabilizer deposition to function 
properly, special care must be taken in regard to the boundaries of the coated region and 
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the microchannel geometry.  In order to avoid air trapping effects, the coated region must 
extend further than the edges of the channel.  If the coated region does not completely 
encompass the total width of the incubation channel, the uncoated regions on the 
periphery of the microarray area will again create a region of differing surface energy that 
will promote air trapping.  This overlapping region should be kept as small as possible, 
due to the fact that the presence of the stabilizer coating lowers the effective bond 
strength of the cartridge PSA to the chip surface. 
 
 
Figure 3.9 – Direct Stabilizer Deposition. Microarray Stabilizer Solution can be accurately 
spotted directly over spot locations prior to cartridge assembly.  Deposition is achieved by 
programming the spotter software to deposit stabilizer in a dense array of locations, such 
that the stabilizer “spots” overlap and merge to form a continuous coating.  The right image 
shows the result of coating a microarray by depositing many stabilizer “spots” with 
diameters of ~150 µm at a 25 µm pitch. 
 
The use microarray stabilizer to ensure effective wetting of microarrays in a 
channel enabled for the capillary driven wicking cartridges shown in figure 3.6 to be used 
with minimal operator interaction, a capability which is quite advantageous in the 
restrictions inherent in experiments conducted at a high biosafety level.  This increased 
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ease of use culminated in a collaboration in which infectious viral hemorrhagic fever 
causing viruses were detected in a BSL 4 facility[36].  
 
3.8 – Thru-Silicon Via Chip Design for Polarization Enhanced Nanorod Imaging 
The development of an optical system using polarization effects to enhance the 
contrast of asymmetric gold nanorods, as described previously in chapter 2, allowed for 
the development of optical systems with lower magnification and longer working 
distances.  The longer working distance of these systems allowed for additional space 
into which a clamping mechanism could be placed.  Taking advantage of this 
opportunity, we developed a design in fluidic thru-holes are cut directly into the chip 
substrate via micromachining, which allows us to create incubation out a single 
laminate/PSA layer.  This single-layer approach eliminates the need for tedious alignment 
processes between features on multiple laminate layers, allowing for larger scale 
production of disposable cartridge components at dramatically reduced cost.  While this 
approach has obvious cost benefits when compared to the multi-laminate approach, it 
necessitates the design of an effective and low-profile clamping system (as described in 
this chapter) 
 In order to realize this concept, we needed to develop an economically sustainable 
process by which to fabricate on-chip thru holes (which we refer to as Thru-Silicon Vias 
(TSV)).  Early in this process, we collaborated with the METU foundry (METU MEMS, 
Ankara, Turkey) to fabricate TSVs via Deep Reactive Ion Etching (DRIE).  While 
effective, this process was extremely time consuming, resulting in a per-chip fabrication 
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cost that was not philosophically aligned with the goal of developing a cheap and mass-
producible platform.  Subsequently, we investigated the use of a Laser Micromachining 
process (provided by Potomac Laser, Baltimore, MD) to fabricate thru-holes.  While laser 
micromachining cannot match the tolerances obtainable by clean room processes, it 
provides more than enough accuracy (on the order of tens of microns) for fluidic 
connections while achieving a significantly higher throughput and economies of scale. 
 The chip design (shown in Figure 3.10) forms a 25.2 mm by 12.5 mm unit cell.  
This geometry allows for 42 individual chips to be diced from a 150 mm (6 inch) wafer.  
The wafer layout allows for multiple final dicing options; in addition to individual chips, 
the design also allows for a subset of the chips do be diced into a 1x6 configuration, 
resulting in 25 mm x 75 mm multi-channel chip compatible with microscopy fixtures 
designed interfacing with a standard microscope slide. 
 The chip unit cell contains multiple features designed to assist the performance 
the IRIS platform.  The pointed arrow-like feature in the center left of the chip forms a 
high-visibility feature that can be used by template-recognition algorithms in the spotter 
software to easily locate the channel location for accurate micro-array positioning.  Spots 
are deposited within the central square region measuring 8 mm x 8 mm.  The two vertical 
lines bracketing the left and right boundaries of the central region is comprised of a 
dotted linear array of 12.5 µm etched squares.  These dotted lines are positioned such that 
they fall within the visible area of the incubation channel, and can be used as a focal 
reference for initial focal plane identification without requiring the operator to locate 
specific spot locations.  To the right of the central region, there is a square region 
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containing a checkerboard pattern of 12.5 µm etched squares likewise positioned to be 
visible within the incubation channel.  This region provides an environment containing a 
homogenous distribution of edge features, and is designed to interact with an automated 
alignment algorithm to be described later in chapter four. 
 
 
Figure 3.10 – Chip and Wafer Design for Thru-Silicon Via Fluidic Connections.  A)  Image 
of diced TSV chip.  B) Wafer layout for fabrication of 42 chips from a 150 mm silicon 
wafer.  C) Chip Unit Cell with dimensions.  Inset shows dotted lines and checkerboard 
regions used for initial focal plane detection and automated alignment algorithm. 
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3.9 – Single-Layer Polymer Microchannel Disposable 
The TSV-chip previously described was developed in tandem with a disposable 
laminate coverslip designed to minimize the per-assay cost of real-time SP-IRIS imaging.  
Thru holes in the chip substrate allow for sample fluid to pass directly from an external 
pump to the incubation channel, eliminating the need for multiple laminate layers to 
create a fluid path over the chip edge.  As a result, TSV chips can utilize a simple 
incubation channel disposable consisting of a single transparent polymer film coupled to 
a laser-cut PSA layer.  This simplified design allowed for production of these disposables 
at a dramatically reduced per-part cost when compared to the multi-laminate approach.  
Figure 3.11 below shows a CAD model of the TSV disposable concept. 
 
 
Figure 3.11 – A) CAD model of TSV chip and simplified polymer incubation chamber.  The 
polymer disposable consists of a 50 µm thick silicone PSA containing the lasercut channel 
geometry bonded to a 200 µm thick transparent viewing window.  The fluidic thru-holes are 
17.5 mm apart, bracketing a 8 mm x 8 mm central region inside which spotted microarrays 
can be imaged.  B) Conceptual cross section of fluidic path and connections (not to scale).   
 
While previous efforts on development of the multi-laminate disposable cartridge 
were undertaken in the context of unpolarized imaging, TSV cartridges were designed 
specifically for use with polarization-enhanced imaging using gold nanorods.  Multi-
laminate cartridges previous developed for detection of biological nanoparticles used a 
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polycarbonate viewing window; although this material did not induce significant 
aberration in the context of unpolarized imaging, early experiments with in-liquid 
imaging of nanorods assays showed unreliable performance in this configuration.  As a 
result, it was necessary to identify a window material with minimal birefringence in order 
to ensure acceptable image quality.  In order to test prospective window materials, we 
constructed an experimental testing platform to mimic the illumination scheme used in 
polarization-enhanced IRIS. 
The testing platform, shown in figure 3.12, consists of 4 sequential optical 
elements.  A linear polarizer and quarter wave plate convert the illumination source to 
linear polarized light, and are followed by a fixture to secure a polymer film sample.  
Light transmitted through the film then passes through another quarter wave plate, where 
it is converted back to linear polarization.  A final linear polarizer is placed before a light 
power meter, which can be rotated to adjust between maximum transmission and 
maximum extinction. 
 
Figure 3.12 – Polymer Film Birefringence Test Platform.  A) Light source and collimating 
lens.  B) Static Linear Polarizer and quarter wave plate. C) Sample film fixture. D) Quarter 
wave plate E) Adjustable Linear Polarizer.  F) Collection lens and light meter 
 
After alignment of the polarization components, the maximum achievable 
extinction without a mounted sample was measured by taking the ratio of the maximum 
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and minimum power detected at the light meter as the second linear polarizer (component 
E in figure 3.11) was continuously rotated.  This reference measurement was used to 
normalize subsequent measurements taken with a polymer film mounted in the circularly 
polarized region (component C).  As light propagates through the film, its polarization 
deviates from its initial circular polarization according to the magnitude of the 
birefringent properties of the film.  The degree of induced aberration can then be 
measured by taking the ratio of maximum and minimum power detected at the light 
meter, and comparing this to the initial reference measurement. 
Film samples were provided by Grace Bio-Labs (Bend, Oregon).  The result of 
material testing is shown in below in table 3.2, and plotted against a normalized 
logarithmic scale in figure 3.13 
Index Material Min Power (µw) Max Power (µw) 
Extinction 
(Max / Min) 
Normalized 
Extinction 
1 Air (Control) 0.0031 2.65 854.84 1.0000 
2 PCTFE .008" 0.526 1.94 3.69 0.0043 
3 COC .008" 0.0036 2.43 675.00 0.7896 
4 Polycarbonate 
.007" 
0.0532 2.34 43.98 0.0515 
5 BoPET .002" 0.175 2.16 12.34 0.0144 
6 BoPET .007" 0.53 0.8 1.51 0.0018 
 
Table 3.2 – Polymer Birefringence testing results. 
 
 
 
  
57 
 
Figure 3.13 – Normalized Extinction with Polymer Film samples.  This figure shows the 
Normalized Extinction values from table 3.1 plotted against a logarithmic scale.  
Measurement indexes are defined above in table 3.1.  All sample films tested displayed 
considerable birefringence, with the exception of the Cyclic Olefin Copolymer (COC) film 
(Index 3).  
 
 Of the film materials tested, only the .008” cyclic olefin copolymer (COC) film 
was found to exhibit acceptably low birefringence, achieving a maximum extinction ratio 
totaling 79% of the reference measurement.  In contrast, the second-best film material 
(.007” Polycarbonate) achieved an extinction ratio equal to only 5% of the reference 
measurement.  As a result of these findings, the .008” film was specified as the best 
available material for optical system compatibility. 
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3.10 – Clamping Fixture for Thru-Silicon Via Disposable Cartridges 
In order to conduct real-time imaging of assay binding using the TSV cartridges, 
it was necessary to fabricate a clamping fixture to connect the disposable flow cells to an 
external fluidic system.  While this design task seems straightforward on the surface, we 
deemed it important that the resulting fixture be robust, reliable, and easy to use.  
Accordingly, we developed the following list of specifications 
 
Clamping Fixture Specifications 
 The clamping fixture must be compatible for use with a 20x, 0.45 NA objective 
with a working distance of 4.5mm.  Subsequently, no part of the mechanism 
should protrude above the plane defined by the bottom face of the objective, in 
order to minimize the potential for mechanical crashes during operation. 
 The connections between the chip substrate and the fluidic manifold would be 
formed by o-ring seals.  The clamping fixture must provide enough clamping 
force to fully compress these seals, so that the back of the chip substrate is co-
planar with the top surface of the manifold.  This co-planarity is required in order 
to ensure repeatable alignment between chip surface and the optical system. 
 The fixture should not require complex assembly steps as part of the chip 
mounting process. 
 The clamping mechanism must have two states – a loading state which allows for 
easy access to the chip area, and a clamping state in which force is applied to the 
top of the disposable cartridge.  The fixture should be at a local minimum in both 
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of these states (e.g. the user should not have to manually hold open the 
mechanism during loading. 
 The mechanism should apply force evenly across the chip surface as a resulting of 
a single action from the user (e.g. the user should not be required to coordinate 
motion between two different components). 
 The fixture must incorporate a tip / tilt mechanism to adjust angular alignment. 
 The design should aim to minimize the total height of the system, so that it can be 
mounted on a XY stage in tandem with other chip fixturing solutions.  The user 
must be able to transition between imaging imaging chips in both clamping 
fixture and an adjacent vacuum chuck (described previously in figure 3.3) without 
needing to physically reconfigure the optical system. 
 
The specific details of the design requirements for the clamping mechanism result 
from force required to provide tight and reliable fluidic seal to the disposable cartridge.  
Subsequently, the first step in the design process was to specify the geometry of the 
fluidic manifold.  The manifold concept shown in figure 3.14 consists of an aluminum 
block with two vertical channels placed in line with the fluidic ports on the cartridge.  
Fluid travels from an external pump through 1/16” ID FEP tubes, which are inserted into 
the manifold channels until the tube end is nearly co-planar with the top surface of the 
manifold.  These tubes are locked in place with flangeless chromatography fittings from 
Upchurch Scientific (Oak Harbor, WA), which interface with the underside of the 
manifold via ¼-28 threaded ports.  Two o-rings (.070” Thickness, 1/16” ID x 3/16” OD) 
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seal against both the back of the chip substrate and the protruding tip of the tubes, which 
both minimizes dead volume and prevents sample fluid from wicking into the gap 
between the tubes and the manifold.  This double seal eliminates the need to clean the 
manifold itself between experiments, as sample fluid does not interact with permanent 
components other than the tubes themselves. 
 
 
Figure 3.14 – Exploded view with cross section of fluidic manifold concept.   A polymer 
coverslip is bonded with a lasercut silicone PSA layer, and bonded to an SP-IRIS chip to 
create a microfluidic channel.  An external clamping mechanism presses the SP-IRIS chip 
against o-ring ports in a fluidic manifold containing tubing connections to an external 
pumping system. 
 
The clamping force required for full compression of the o-ring seals is dictated 
the gland depth and the o-ring durometer.  We used the softest possible durometer o-ring 
material (50 Shore A silicone) to minimize the amount of force required while 
maintaining an effective seal.  Using the minimum recommended compression depth of 
Tube Connection to External Pump 
Adhesive Polymer Coverslip with Microchannel 
Clamping Plate with viewing Window 
SP-IRIS Chip with Fluidic Thru-Holes 
Fluidic Manifold 
O-Ring Seal 
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20% to ensure reliable seal integrity despite manufacturing tolerances[37], we specified a 
gland depth of 0.056” for a .070” diameter o-ring, resulting in  a required clamping force 
of about 7 lbf per seal for full compression.  
We investigated two approaches for clamping force actuation.  In the first 
approach, we designed and fabricated a fixture that uses miniature double acting 
pneumatic cylinders to provide clamping force.  This approach represented the simplest 
path towards a working prototype; pneumatic cylinders of the appropriate stroke length 
and applied force were easily available as off the shelf components, minimizing the 
design and fabrication costs required to fabricate a working prototype.  Figure 3.15 shows 
an exploded cad view of the pneumatic clamping prototype. 
 
 
Figure 3.15 – Pneumatic Clamping fixture for TSV chips. 
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While the pneumatic clamping design was functional, we observed several 
disadvantages to this approach that hindered its utility as a viable permanent solution.  
Because we want to apply force in the retracted state, we are forced to use double acting 
cylinders with powered movement in both directions (single acting cylinders apply force 
only during extension, and retract with a spring return mechanism once pressure is 
released).  The four pneumatic lines required for cylinder control are bulky and difficult 
to manage, crowding the already limited real estate in the fixture area.  Additionally, as 
cylinders are powered in both directions, there is a potential for damage to instrument 
hardware in the case that operator accidentally cycles the cylinders while the fixture is 
under the microscope objective in the imaging position.  Finally, the need for an external 
source of compressed air limits the utility of this design to well-equipped laboratory 
settings, reducing its attractiveness to potential end-users. 
 In light of these drawbacks, we investigated an alternative approach to a clamp 
design using compression springs to provide sealing force.  This design, shown in figure 
3.16 utilizes a rotary cam to control the position of a removable clamping bar.  The user 
can switch between the clamping state and the loading state by rotating the cam handle 
by 180 degrees, which activates a cam follower connected to the spring carriage.  Detents 
in the cam cylinder “capture” the cam follower in the raised (loading) state, allowing the 
user to use both hands to load and align the chip despite the significant force applied by 
the compressed springs.  Shoulder bolts mounted adjacent to the handle constrain the 
motion of the cam to 180 degrees by blocking the motion of the handle, in order to 
prevent a system malfunction resulting from the user accidentally over-rotating the cam 
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mechanism.  A clamping bar interfaces with two slots on the end of the guide rods that 
constrain the motion of the spring carriage, and can be easily removed and replaced to 
allow for unhindered access to the fluid manifold for chip mounting. 
 In addition, the cam clamp assembly contains multiple features to assist in the 
ease of assembly and disassembly of the system for maintenance and reconfiguration 
purposes (Figure 3.19).  Removing the handle from the cam assembly enables the cam 
cylinder to rotate more than 180 degrees, where a cutout in the cam ramp allows the cam 
follower to pass through for easy assembly and disassembly purposes. 
  
  
64 
 
Figure 3.16 – Exploded and cross-sectional views of the cam actuated clamping fixture for 
TSV chips. 
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Figure 3.17 – Top) Rendering and Cross section of cam mechanism in the closed position.  
Bottom) Rendering and Cross section of cam mechanism in the open position. 
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Figure 3.18 – Removing the actuation handle allows the cylinder to rotate past 180 degrees, 
which enables for easy disassembly of the spring carriage by allowing the cam follower to 
escape through a cut out in the back side of the cylinder. 
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CHAPTER FOUR – Enabling Robust Nanoparticle Detection 
4.1 – Interpreting Nanoparticle Signatures in Interferometric Images 
SP-IRIS was first introduced in 2010 for high-throughput detection and sizing of 
individual low-index nanoparticles and viruses for pathogen identification [38].  Size 
discrimination of nanoparticles with diameters of 70, 100, 150, and 200 nm using an 
oxide on silicon substrate in a wide-field, reflected-mode microscope was demonstrated.  
For a particular oxide thickness and illumination wavelength, the observed contrast of a 
nanoparticle on the surface has a specific size dependence.  The images acquired and 
supporting numerical simulations were conducted for a single focal plane coinciding with 
the oxide-silicon interface. The successful demonstration of size discrimination was 
enabled by two factors: (i) the measurements were done in dry conditions and (ii) the 
samples were prepared by directly depositing the polystyrene and viral nanoparticles on 
the surface instead of capturing them with a high-affinity biological surface 
functionalization.  Even though these factors allowed for reasonable assumptions 
concerning the axial location of nanoparticles with respect to the surface, the authors 
noted that the varying axial position of nanosphere centroids with increasing radius 
resulted in a single-wavelength sizing curve that became double-valued for larger 
particles.  The difficulty of focusing on a layered reflecting surface was noted and future 
corrections were suggested utilizing axial scans and fitting the oscillation in phase to the 
forward model at peak response illustrated by a numerical study[39] and shown in Fig. 
4.1.  
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Figure 4.1 – Simulated images of 70 nm (top), 100 nm (middle) and 150 nm (bottom) 
diameter polystyrene (n=1.60) nanoparticles resting on a 30nm SiO2 IRIS substrate, at three 
different focus positions with respect to the water-film interface. NA=0.9, water immersion, 
𝝀 = 𝟓𝟐𝟓 𝒏𝒎.)  Adapted from [29]. 
 
As the SP-IRIS technology evolved, it was applied to direct label-free capture and 
characterization of viruses from complex media such as blood or serum. Affinity-based 
capture, size discrimination, and a “digital” detection scheme to count single viruses, 
yielded a multiplexed and sensitive virus sensing assay [38]. These experiments were 
conducted on dry samples after viruses were captured on SP-IRIS chips from serum or 
whole blood contaminated with high levels of bacteria. Size discrimination proved very 
valuable to reduce the background noise since the antibody surfaces have inherent 
roughness, and non-specific binding of biological particles in complex solutions can be 
significant. The combination of the advantages of SP-IRIS with a microfluidic incubation 
cartridge led to real-time digital detection of individual viruses as they bind to an 
antibody microarray [26].   In liquid, the index ratio between the particle to the 
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surrounding medium is reduced, resulting in a 3-fold reduction compared to dry 
measurements. Furthermore, the captured viral particles may have an axial position 
distribution, especially when elevated using immobilized probes with flexible tethers for 
improved capture efficiency [40]. 
Figure 4.2 shows the result of numerical simulations to demonstrate how 
nanoparticle size has an effect both on the intensity and defocus behavior of nanoparticle 
appearance.  Specifically, it is important to note that the plane of maximum visibility is 
not the same for different particle sizes, and there are some focal planes for which 
particles of different sizes display both light and dark signatures (4.2D).  Figure 4.3 
shows how nanoparticle appearance can vary as a result of thickness variation in the layer 
of capture probes used to immobilize it on the surface.  While the thickness of the oxide 
layer can be tightly controlled during fabrication, potential non-uniformity in the 
thickness and morphology of spotted capture probes presents a consistent source of 
variability in the height of nanoparticles from the surface. 
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Figure 4.2 – A) Normalized intensity of center pixel for three sizes of polystyrene 
nanospheres bound to a 30 nm oxide on silicon substrate.  Significant changes in 
appearance and defocus behavior are observed due to variation in z-axis position of the 
radiating dipole with respect to the reference field generated by the reflective surface.  B-D) 
Line profiles of the observed appearance for the three nanospheres simulated for three focal 
plane offsets (-.5, 0, and +.5 µm) with respect to the oxide surface.  Simulations were 
generated for a 0.9 NA in-water imaging system.  Circles in plots B-D represent pixel 
sampling locations for a 2 µm pixel pitch with 40x magnification.  Adapted from [29] 
  
71 
 
Figure 4.3 – A) Shift in the normalized intensity of center pixels for two sizes of polystyrene 
spheres (100nm and 150nm) due to the presence of a 10 nm biofilm of capture probes. B-C) 
Line profiles of the observed appearance for the three nanospheres simulated for two focal 
plane offsets (-.5 and +.5 µm) with respect to the oxide surface.  Simulations were generated 
for an 0.9 NA in-water imaging system.  Circles in plots B and C represent pixel sampling 
locations for a 2 µm pixel pitch with 40x magnification.  Adapted from [29] 
 
4.2 – Nanoparticle Detection and Discrimination 
Although interferometric imaging methods have been well established as a tool 
for nanoparticle characterization, the translation of these techniques to a diagnostic 
context will induce a significant paradigm shift in the validity of many assumptions upon 
which preliminary studies were based.  Clinical contexts require that these techniques 
function as a concentration measurement instead of as a characterization tool.  From this 
perspective, accurate characterization of nanoparticle properties is only relevant to the 
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extent that it enables accurate discrimination of chemically specific binding events from 
spurious signals resulting from nonspecifically bound scattering objects and 
morphological variation in immobilized capture probes.  Spatial discrimination between 
different conditions of micro-arrayed capture probes on solid-phase substrates enables 
higher level of assay multiplexing than is achievable in liquid-phase assays.  However, 
variations in spot morphology and immobilization density increase both the prevalence of 
nonspecific background signal and the expected variation in the axial height of captured 
nanoparticles with respect to the reflective surface.  Although early studies demonstrated 
the use of SP-IRIS for concentration measurements of unlabeled viral pathogens, these 
efforts were heavily dependent well optimized probe morphology, manual focal control 
by a skilled operator, and the ability to assume of homogenous nanoparticle properties 
and axial locations [26], [38]. 
Because diffraction limited nanoparticles are typically much smaller than the 
wavelength of illuminating light, their appearance in wide-field images takes the form of 
radially symmetric regions of alternating positive and negative normalized intensity.  The 
rotationally invariant nature of these interference patterns makes it possible to identify the 
centroids of these nanoparticle signatures through simple template matching algorithms, 
provided that the analysis algorithm is capable of creating a sufficiently accurate 
simulated template.  While this process is widely employed to identify point spread 
functions (PSFs) in conventional fluorescence and bright-field microscopy images, where 
PSF appearance is determined solely by optical system parameters, the interferometric 
nature of SP-IRIS measurements produces a much larger parameter space of possible 
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template appearances.  Even without the variability induced by changes in nanoparticle 
axial location, small errors in substrate alignment (on the order of tenths of a degree) can 
result in heterogeneous defocus behaviors for identical nanoparticles in different regions 
of a single field of view.  Figure 4.4 shows a raw image of 100 nm PS nanospheres 
physisorbed onto a 30 nm oxide substrate in water, displaying signature with varying 
appearance for different regions.  External measurements performed during system 
calibration indicate a tip/tilt misalignment between the chip surface and the camera 
sensor of no more than one quarter of a degree, demonstrating the extremely high 
calibration diligence required for accurate nanoparticle characterization over a wide field 
of view using only single-plane images.  While preliminary studies were able to minimize 
this variability through careful alignment and sample quality control, such strict tolerance 
requirements will not be compatible with widespread use of these techniques outside the 
research lab. 
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Figure 4.4 – A) 100 nm Polystyrene nanospheres exhibit varying signal levels in a single 
plane image stemming from morphological variations on the substrate surface. The 
variations among the nanoparticle signals diminish in the differential normalized intensity 
image, enabling their identification by template matching.  Colored Boxes identify the 
locations of representative nanoparticles taken from different regions of the field of view.  
B) Differential intensity image generated from the total peak to peak change in intensity 
over a 6 µm Z-stack sampled at 200 nm increments.  C) Crops of the observed appearance 
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of representative nanoparticles from the colored regions in A.  D) Differential intensity 
crops of identical regions from B.  E) Centerline profiles of the regions shown in C, 
displaying varying appearance due to slight sample misalignment.  F) Centerline profiles of 
regions in D, demonstrating consistent signal via differential intensity measurements.  
Adapted from [29] 
 
In an effort to overcome the obstacles posed by variable defocus behavior, recent 
advancements in automated imaging and analysis have shown that the change in intensity 
experienced by a nanoparticle signature over the extent of a given range of focal planes, 
or differential intensity, is considerably more predictable than its specific appearance in 
any single image, as shown through simulations in figure 4.5.  The nanoparticle response 
generated by the calculation of differential intensity collapses into a consistent profile 
regardless of amplitude or defocus behavior, enabling the straightforward identification 
of nanoparticle locations within an image using simple template matching methods.  
Furthermore, the amplitude of the differential intensity signature provides a consistent 
metric for size-based discrimination. Using this concept, we have developed an algorithm 
for the robust measurement of the concentration of surface-bound nanoparticle 
populations regardless of heterogeneity in size and axial offset. 
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Figure 4.5 – Compressed images for three diameters of Polystyrene nanospheres (70, 100, 
and 150 nm) imaged in water are generated by collecting the maximum and minimum 
normalized intensities present over a sequence of sequentially defocused images on a per-
pixel basis.  Solid lines denote compressed signatures from nanospheres on 30 nm oxide, 
and dashed lines denote signatures from a 40nm oxide.  The underlying Z-stacks are 
composed of 61 images simulated for a 0.9 NA imaging system in water at 200 nm 
increments over a 6 µm range centered on the oxide surface.  A) Largest positive 
normalized intensity values per pixel.  B) Largest negative normalized intensity per pixel.  
C) Total differential intensity generated from the subtraction of plots in B from A.  
Differential intensity measurements demonstrate strong agreement between conditions 
despite significant variation in single – plane appearance and defocus behavior.  Adapted 
from [29] 
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 Initially, a nominal focal plane is identified via an autofocus algorithm utilizing a 
finite impulse response filter optimized for the critical spatial frequency of the optical 
system [41], after which a z-stack of defocused images is acquired at 200 nm increments 
over a 6 micron range centered at the starting point.  Each slice of the z-stack is 
normalized into units of local normalized intensity by dividing the raw image by a low-
pass filtered background image.  This 3D data structure is used to calculate the maximum 
peak to peak intensity observed at each pixel over the total range of defocus positions 
within the z-stack, resulting in a two-dimensional image differential intensity in which 
signatures from a heterogeneous population of nanoparticles are collapsed into a single 
consistent profile.  A simulated template is generated by using the above method to 
compress simulated images generated by the SP-IRIS physical model.  Cross-correlating 
this template with the differential intensity image results in a 2D correlogram, in which 
each pixel represents the probability that said location is the center point of a diffraction 
limited scattering object.  The (x,y) locations of probable nanoparticle locations is then 
generated through simple morphological peak detection after thresholding this 2D 
correlogram by a high probability integer (typically 90%).  These (x,y) locations are then 
used to extract intensity traces of nanoparticle centroids from the original z-stack, from 
which nanoparticles sizes are discriminated via their total change in intensities.  Finally, 
the concentration of bound nanoparticles is determined by taking the ratio of the total 
number of confirmed nanoparticles with desired characteristics to the interrogated area. 
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Figure 4.6 – Block diagram of algorithm for nanoparticle detection and counting using z-
stacks of incrementally defocused images.  Adapted from [29] 
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CHAPTER FIVE – Enabling Measurements of Binding Kinetics via Particle 
Tracking 
5.1 – Motivation 
 A critical component in the development of any assay is the characterization of 
kinetic binding rate constants between the target and capture probes on a biosensor 
surface.  These measurements provide the context with which later results from unknown 
samples can be normalized, in order to accurately determine the concentration of a target 
in solution from measurements of analyte binding on the surface. 
A typical kinetic characterization experiment measures three kinetics rates - kon 
(the on rate), koff (the off rate), and the kd (the dissociation constant, where kd = koff / kon) 
– as follows.  Sample flow is introduced to the biosensor, where it binds to the surface at 
a rate proportional to Ckon, where C is the target concentration at the sensor surface.  
Meanwhile, as the density of target on the surface increases by capturing fresh analyte 
from solution, previously bound targets de-bind from the surface at a rate proportional to 
the current density of bound analyte.  This process is allowed to continue until the sensor 
reaches equilibrium, the point at which the surface density bound target is high enough 
that the influx of new target is offset by the de-binding of previously bound analytes.  
After this point, the sample solution is replaced with a pure buffer and the decay rate is 
measured as target de-binds from the surface.  The values of kon, koff, and kd are then 
estimated by curve fitting the data to the Langmuir binding model, in which the density 
of bound target over time B(t) is described by 
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𝐵(𝑡) = 𝐵𝑚𝑎𝑥 ∙
𝑘𝑜𝑛𝐶
𝑘𝑜𝑛𝐶+𝑘𝑜𝑓𝑓
(1 − 𝑒−(𝑘𝑜𝑛𝐶+𝑘𝑜𝑓𝑓)𝑡)  Eqn. 5.1 
For times t < t0, in which fresh sample is continuously supplied to the sample 
 
𝐵(𝑡) = 𝐵𝑚𝑎𝑥 ∙
𝑘𝑜𝑛𝐶
𝑘𝑜𝑛𝐶+𝑘𝑜𝑓𝑓
(1 − 𝑒−(𝑘𝑜𝑛𝐶+𝑘𝑜𝑓𝑓)𝑡0)𝑒−𝑘𝑜𝑓𝑓(𝑡−𝑡0)  Eqn. 5.2 
For time t > t0, when the sample has been replaced with a pure buffer. Bmax describes the 
total density of available binding sites on the sensor surface. 
 While it is possible in principle to measure both kon, koff, through the curve fitting 
of binding data alone, an accurate determination of kd from bulk binding measurements 
functionally requires both binding and de-binding curves due to the fact that koff values 
are typically much smaller than those for kon.  Specifically, measurements of de-binding 
behavior in pure buffer offer a direct measurement of the koff constant independent of 
sample concentration, provided that the sensor has previously reached an equilibrium 
state. 
 The process described above works well for the characterization for small, highly 
diffusive molecular analytes with rapid on- and off- rates.  The rapid kinetics of these 
interactions allow for the sensor to reach equilibrium in a relatively short period of time 
(on the time scale of seconds to minutes), and their small size (<5nm) allows for high 
enough diffusion rates that the bulk concentration of the sample can be taken as a 
reasonable representation of the concentration of target at the sensor surface.  In contrast, 
this approach is a poor solution for the kinetic rate characterization of nanoparticle targets 
binding.   The lower diffusivity of the relatively large nanoparticles (10-100nm) 
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introduces significant complexity into the interactions between convection, diffusion, and 
surface reactions, and result in binding behavior that generally requires a much longer 
amount time for an assay to reach an equilibrium state. 
 While the binding rate of a nanoparticle assay is the result of complex balance of 
convection parameters, nanoparticle geometry, ligand affinity, and capture probe 
morphology, the de-binding behavior remains a function purely of the ligand affinity 
between the nanoparticle target and the surface.  Much as in the previous case of 
molecular analytes, this means that measurements of de-binding behavior offer a much 
simpler view of probe affinity binding rates.  Unfortunately, the long equilibrium times 
typical of nanoparticle assays makes this type of measurement functionally difficult. 
It is in this context of nanoparticle binding assays that the digital detection 
scheme offered by SP-IRIS provides an avenue for kinetic measurements that is 
unavailable to traditional ensemble sensor methods.  Because each nanoparticle can be 
detected and tracked individually, a digital detection scheme allows for binding and de-
binding rates to be measured separately and simultaneously during nanoparticle binding, 
thus removing the need for the system to reach equilibrium before accurate de-binding 
rates can be measured 
Additionally, this particle tracking approach has the potential to further increase 
the sensitivity of diagnostic assays using low concentration sample solutions with low 
equilibrium binding levels, as individual binding events with short residence times can be 
recorded even if the total instantaneous number of targets bound to the sensor is below 
the noise floor associated with a traditional ensemble system.  Weakly-binding capture 
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probes have short dissociation time constants, and therefore reach equilibrium relatively 
quickly.  This limits the ultimate sensitivity of some microarrays, since a dilute target 
species may reach equilibrium with very few captured on the sensor on average [42].  
However, if the binding of new targets can be robustly discriminated from the de-binding 
of previously captured molecules, then the cumulative number of probe-target 
interactions may be monitored instead of just the instantaneous number.  Even after 
equilibrium has been reached, the cumulative number of interactions will increase at 
constant rate that is proportional to the target molecule concentration (Figure 5.1a).  Here, 
we describe a custom algorithm that uses the different spatial positions of captured 
particles to spatially discriminate newly captured target molecules from previously 
captured ones (Figure 5.1b). 
Early efforts using the SP-IRIS system detection have demonstrated the 
effectiveness of a digital detection schemes for biomarker and pathogens using end point 
detection[27], [28], [38].  Later developments in real-time imaging allowed for sensitive 
in-liquid detection of unlabeled virus binding in a microfluidic cartridge [26].  While 
these efforts demonstrated the utility of digital detection schemes, they were primarily 
focused on achieving sensitive limits of detection instead of quantitative analysis of the 
kinetic rates involved.  Looking forward, we propose that the digital detection approach 
provided by SP-IRIS has the ability to surpass the utility of ensemble techniques in the 
measurement of kinetic surface binding rates.  This goal can be achieved by leveraging 
the ability to measure and record the residence times for individual bound nanoparticles, 
rather than simply counting the number of bound particles present at each time point. 
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While techniques to measure and track single nanoparticle-surface interactions 
have been previously reported [23], [43]–[45], these techniques have been largely 
focused on high resolution measurements in both space and time. They were not designed 
to perform sensitive or multiplexed detection, which generally require sensor areas (> 1 
mm
2
). Previously published particle tracking techniques required that the field of view is 
extremely stable, since subsequent images are subtracted to detect small changes between 
them. In contrast, our approach is compatible with multiple large fields of view, which 
improves multiplexing and sensitivity. 
 
 
 
Figure 5.1 – (a) Schematic of principle of how molecular discrimination may improve the 
sensitivity limit for weak interactions. According to Langmuir kinetics, the sample solution 
will eventually reach an equilibrium with the sensor, where the total number bound target 
molecules remains constant (and perhaps very low). However, new molecules will continue 
to bind to the sensor even during equilibrium. Thus, sensitivity is improved by 
discriminating newly-bound molecules from the de-binding of previously bound molecules. 
(b) Schematic of operating principle of spatial discrimination in IRIS video data. The 
positions of molecules in each frame of the binding video are compared, to identify every 
binding and de-binding event that occurred during the time between video frames. 
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5.2 – Experimental Methods  
Biosensor fabrication and assembly: IRIS chips were fabricated by growing 110 nm of 
thermal oxide on polished silicon substrates, followed by patterning with 
photolithography and oxide etching. To form a microfluidic chamber, two through-holes 
were drilled into each IRIS chip with laser machining, and bonded to a polymer laminate 
flow cell as previously described in sections 3.8 through 3.10. Chips were coated with a 
specialized polyacrylamide co-polymer for microarray functionalization (MCP-4, 
Lucidant Inc.), and then microarrays of amine-modified single stranded DNA probes 
were printed onto the chip using a robotic spotter (SCIENION, Inc.).  
 
Assay preparation: Plasmonic gold nanorods with dimensions 25 nm by 67 nm were 
functionalized with universal single-stranded DNA label sequences using standard 
methods. These universal label sequences were then functionalized with a secondary 
ssDNA ‘reporter’ sequence, such that the much longer reporter sequence presented an un-
hybridized “tail” with which to recognize specific analyte sequences.  These labeled 
nanorods were then incubated with a sample solution for 1hr.  The resulting complexes 
were then incubated with the SP-IRIS sensor in a microfluidic chamber, and the analyte-
nanorod complexes were imaged as they bound to the surface.  Figure 5.2 shows a 
schematic of the gold nanorods labeled sandwich assay. 
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Figure 5.2 – Schematic of ssDNA detection with a gold nanorods labelled sandwich assay.  
Nanorods labels are pre-functionalized with a universal sequence, which allows a universal 
label stock to be used for multiple analytes.  Nanorods are functionalized immediately 
before the experiment with a reporter sequence which allows them to bind to specific 
sample sequences.  Surface probes contain analyte-specific sequences at the distal end, and 
a short universal sequence at the proximal end close to the sensor surface.  Pre-experiment 
incubation of the spotted capture probes with a universal stabilizer oligo converts the 
proximal region of the capture probes to dsDNA, increasing the elevation and availability of 
the sequence-specific regions to nanorods-analyte complexes diffusing through the solution. 
 
Particle detection: At each time point, a z-stack of images was acquired using an IRIS 
instrument with a 20x objective lens. The z-stack was compressed to a single ‘maximum 
difference’ frame by subtracting the minimum from the maximum value at each (x,y) 
pixel location and saved. Particles were detected in the maximum difference images by 
performing spatial filtering and deconvolution followed by thresholding.  
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Spatial discrimination algorithm: Bound nanoparticles were tracked through the video 
using three steps. First, the (x,y) particle positions in each frame were compared with 
those in the subsequent frame using a clustering algorithm based on nearest neighbors. 
Matches between particles in each subsequent video frame were recorded. Then, the lists 
of matching particles were ‘stitched’ together using matches found in prior or subsequent 
frames. Finally, this list was ‘repaired’ to reduce false negatives (where a particle was not 
present in a particular location for just one or two frames) and false positives (where a 
particle was just detected in a single frame, but not in the subsequent or prior frames). 
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5.3 – Results and Discussion 
We performed incubations at concentrations of 1 picomolar and 17 femtomolar, 
and were able to use our particle tracking algorithm to discretely identify the time point 
of binding and de-binding for each nanoparticle.  Incubations performed at 1 picomolar 
concentrations bound nanorods at a rate of ~ 100 particles per minute (figure 5.4), while 
incubations at 17 femtomolar bound at a rate of ~1.5 particles per minute (figure 5.5).  
For the 17 femtomolar condition, we attempted to influence the rate at which nanorods 
de-bind from the surface by changing the flow conditions at sequential periods during 
incubation, but we did not observe any significant change in the kinetic rates. 
 
Figure 5.3 – Image of nanoparticle capture microarray during 1 pM incubation.  The black 
circles indicate the locations of spotted DNA capture probes, with the top row containing a 
specific recognition sequence and the bottom row containing a negative control.  While it at 
first appears that there is a significant presence of nanoparticle in the background, it is 
important to note that many of these signatures are not actually bound to the sensor, but 
are instead convecting through the channel in close proximity to the sensor surface.  This 
motion is easily identifiable when the data is analyzed as a time series. 
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Figure 5.3 shows a still image of the micro-array partway through the binding of a 
1pM sample solution.  While the image clearly shows a larger density of bound 
nanoparticles on the specific capture probes (top row), it also shows the relatively high 
levels of background signal resulting from unbound nanoparticles convecting in the 
immediate vicinity of the sensor surface.  While these “floating” particles are a large 
source of noise when considering only a single time point, they can be filtered out of the 
signal by differentiating between stationary and transient particles in a time series.  
Figure 5.4 shows the instantaneous counts of all particles with the positive and control 
spots before particle tracking has been applied. 
 
Figure 5.4 – Instantaneous unfiltered particle counts for 1 pM incubation.  Lines indicate 
the total number of detected particles within the three positive spots (top line, blue) and 
three control spots (bottom line, red) in the microarray shown in figure 5.3.  The 
contribution of spurious signals from floating particles is clearly visible in the large 
variation shown in both conditions. 
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 After the raw particle location data has been generated, the particle tracking 
algorithm is applied to label each instance a nanoparticle at a timepoint as a transient 
event, a binding event, or a de-binding event.  Transients are defined as particles that do 
not remain stationary for at least 8 consecutive frames (in this case, dt=15 seconds).  
Once transient particles are removed, the remain nanoparticles are classified into either 
“pre-existing” or “newly bound” categories by comparing if nanoparticles are also 
present in the preceding and subsequent time points, and filtering the subsequent data as 
describe in.  At each time point, we also count the number of pre-existing particles from 
the previous image that are no long present in the current one. 
As time progresses, we can calculate the cumulative total of both binding and de-
binding behavior for particles of a specific range of residence times.  Figures 5.5 and 5.6 
show cumulative binding and de-binding rates for particles present on the surface in the 
same location for at least 2 minutes.  Note that the de-binding rate curves do not take 
effect until the dataset is at least long enough to account for the time window used to 
remove transient and nonspecific particles.  Taking the difference of the cumulative 
binding and de-binding shown in Figures 5.5 and 5.6 reveals the instantaneous count of 
analyte binding as shown in Figure 5.7.  This figure displays the characteristic binding 
and equilibrium response commonly seen in kinetic rate responses, completely free of the 
noise apparent in the raw signal shown in figure 5.4. 
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Figure 5.5 – Cumulative binding and de-binding events after residence time filtering for 
three positive capture probes shown in the top row of Figure 5.3 (C=1 pM). 
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Figure 5.6 - Cumulative binding and de-binding events after residence time filtering for 
three control capture probes shown in the bottom row of Figure 5.3 (C=1 pM). 
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Figure 5.7 – Instantaneous count of the number of nanoparticle present. Only nanoparticle 
locations that remain in the same location for > 2 minutes are included. 
 
In a separate experiment, we incubated an SP-IRIS chip with a sample concentration of 
17 fM.  During the incubation process, we iteratively increased the flow rate to 
investigate the effect of convective conditions on the resulting binding rate.  Starting at a 
low flow rate of 0.1 µL / min, the flow rate was tripled every twenty minutes until 
reaching a rate of 10   Figure 5.8 shows data gathered over a 100-minute incubation of 
AuNP-DNA targets; Figure 5.8A shows the raw data before filtering is applied.  Figure. 
5.8B shows the cumulative binding and de-binding events for each distinct flow rate 
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tested.  Taking the slope of the curves shown in Figure 5.8B produces the rate 
nanoparticle binding, as shown in Figure 5.9 
 
 
Figure 5.8 – A) Total particle counts as a function of time on a single microarray spot for an 
analyte concentration of 1 picomolar.  B) Cumulative totals of unique binding and de-
binding events for the same experiment.  Nanoparticles that were not present for at least 
four consecutive frames (with dt = 15 seconds) were not counted. 
 
Figure 5.9 – Binding and De-Binding rates for 17 fM incubation.  Each bar in this figure 
represents the slope of the curves shown in Figure 5.8B. 
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An important observation made in the course of these experiment is that while the 
original goal of the particle tracking algorithm was to obtain detailed kinetic, it 
simultaneously performs the much more functionally useful task of eliminating signals 
from nanorods that are close enough to the sensor to produce a signal but have not 
actually interacted with molecular probes on the surface.  These particles have been a 
consistent source of noise since the inception of real-time SP-IRIS imaging, but are 
especially problematic in the context of label imaging in sandwich assays, which use a 
much higher concentration of nanorods than there are analytes to ensure that all analyte 
sequence have the chance to interact with a functionalized label.  As a result, real-time 
imaging of a nanorod binding must deal with a greater degree of unbound, “floating” 
particles when compared to a natural nanoparticle assay such as virus capture. 
Because the acquisition of a z-stack takes a finite amount of time (between 1 and 10 
seconds depending on the instrumentation), a single floating particle will actually create 
multiple “ghost” particles as it moves to a different (x,y) position for each focal slice of 
the z-stack.  Previous use of SP-IRIS for realtime virus detection [26], [35] attempted to 
remove these signals by applying an outlier detection algorithm to the raw data acquired 
for each time point.  While the defocus trace of a surface-bound nanoparticle will form a 
continuous function over the course of the image stack, a “ghost” particle will display no 
signal on most slices with the exception of the one focal plane that was imaged at the 
time it was present in that location, causing a sudden spike in the signal which could be 
detected through statistical methods.  While this approach was somewhat effective, it 
required a large amount of computing bandwidth and functioned well only when the 
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presence of floating particles in an image was low enough that they did not overlap.  
Additionally, because this approach altered the underlying raw data itself, it had the 
potentially to corrupt the underlying signal from actual specifically bound analytes when 
floating particles passed over them at a later time point. 
 While the approach presented in this chapter is still in its infancy, it clearly 
demonstrates the analytical capabilities of using kinetic analysis via digital particle 
tracking.  We are aware of no alternative method for the characterization of binding 
kinetics that allows for simultaneous measurements of both binding and de-binding 
behavior.  This capability represents significant utility in the characterization of 
nanoparticle binding assays, as surface interactions can be measured without the need for 
a time intensive de-binding experiment.  Additionally, we this analysis can be leveraged 
to increase the sensitivity of nanoparticle capture assays with low target concentrations, 
as residence time analysis provides a powerful additional axis with which to categorize 
signals within a time series dataset and better distinguish them from background noise 
even when present at very low levels. 
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CHAPTER SIX – Conclusion 
6.1 – Summary of Dissertation 
 In this dissertation, we presented a set of improvements to the SP-IRIS biosensing 
platform to increase its performance, robustness, and usability.  It is our hope that these 
techniques will continue to enable future experimentation and work, and serve to further 
the translation of SP-IRIS towards its eventual use as a diagnostic tool in clinical settings. 
 In chapter two, we described how SP-IRIS can be used to quantify the size of a 
nanoparticle based on its intensity and defocus behavior.  This approach offers a more 
reliable solution than previous efforts using images taken at single focal planes, and will 
greatly benefit efforts to characterize natural nanoparticle such as virus and exosomes.  
We then present a system for imaging gold nanorods labels for the detection of molecular 
analytes such as proteins and nucleic acids via a sandwich assay.  This system uses 
polarization filters to suppress the intensity of background reflections without blocking 
scattered light, which significantly increases the visibility of nanorods labels.  The high 
visibility of these nanorod labels allows for assays to be imaged with a lower 
magnification objective for increased throughput. 
 Chapter three presents improvements to the instrumentation of SP-IRIS intended 
to enable real-time in-liquid imaging of nanoparticles as they bind to the sensor surface.  
We presented a microfluidic cartridge fabricated of multiple layers of laser-cut polymer 
laminate films, and a vacuum chuck to hold the sample at a precise and reproducible 
angle.  We described two potential options for on-chip fluid actuation, including the 
integration of either on-chip wicking pads or pneumatically activated diaphragm valves.  
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Issues with incomplete or uneven wetting of the microchannel were described, and a 
solution using a commercially available microarray stabilizer solution was presented.  
Finally, we presented a redesign of the SP-IRIS chip layout which leveraged laser micro-
machining to fabricate fluidic ports directly into the sensor substrate.  This design 
allowed for the development of a less expensive and simplified microfluidic flow cell 
concept, as fluidic components formerly included within the polymer disposable could 
now be performed by a permanent spring-actuated clamping fixture. 
 In chapter four, we used numerical simulations to further demonstrate the degree 
to which normal variations in particle size and capture probe thickness can induce large 
variation in the appearance of bound nanoparticles.  We then presented a technique for 
compressing stacks of sequentially defocused images into a measurement of total 
intensity change, and numerical simulations to show that this results in a consistent 
signature for nanoparticles of varying parameters.  Finally, we used this concept to 
develop an algorithm for nanoparticle detection based on correlating these compressed 
nanoparticle signatures with numerically simulated templates, and used this process to 
demonstrate robust detection of polystyrene nanospheres on a misaligned system. 
 In chapter five, we present a particle tracking algorithm to measure binding and 
de-binding behavior of nanoparticles in real-time datasets.  We use this algorithm to 
measure the kinetic rates of surface binding in a gold nanorods labelled DNA capture 
assay.  We showed that while changes in flow conditions did not have a significant effect 
on binding or de-binding behavior, but that the particle tracking algorithm was an 
invaluable tool for filtering out noise signals from unbound nanorod labels floating in the 
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immediate proximity to the sensor surface.  Furthermore, we demonstrated the ability to 
take simultaneously take discrete measurements of both binding and de-binding behavior, 
a capability that has not to our knowledge been demonstrated by competing techniques. 
 
6.2 – Future Work 
 While the improvements described in this dissertation represent significant steps 
forward in the utility and performance of the SP-IRIS platform, much work still remains 
to be done.  Recent developments in optical design have shown promise using pupil 
function engineering [46] to enable the detection of synthetic dielectric nanoparticles as 
small as 50 nm in diameter, but these methods of not yet been implemented for the 
detection of natural nanoparticles captured with molecular recognition. 
While we demonstrated the use of gold nanorods as high-visibility labels in a 
DNA sandwich assay, we have not yet demonstrated their use for protein capture.  The 
process of immobilizing proteins on the sensor surface produces a much wider range of 
spot morphologies compared to DNA probes, which presents a challenge for the design 
of image analysis algorithms due to an increase in background noise.  The high visibility 
of nanorod labels imaged with the circular polarization imaging scheme described in 
section 2.3 has the potential to greatly improve the robustness of future protein detection 
assays. 
 The particle tracking algorithm described in chapter five is a very recent 
development, and is still somewhat immature in its design and implementation.  Its 
primary use analyzing real-time SP-IRIS datasets thus far has been to eliminate signal 
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from floating particles that have not been captured by a high-affinity interaction with a 
capture probe.  While it performs admirably in this role, it has great potential to address 
much more interesting questions about the underlying kinetic rates in an assay.  
Traditional ensemble techniques for the analysis of binding kinetics require two distinct 
measurement phases in order to provide kinetic measurements of on- and off-rates: an 
incubation phase in which analyte binds to the sensor until it reaches equilibrium, and 
subsequent a washout phase in which the sample solution is replaced with clean buffer.  
In contrast, our particle tracking algorithm allows for on- and off- rates to both be 
measured from a binding phase alone, removing the need to wait until the sensor reaches 
equilibrium.  This capability is especially valuable in the characterization of low-affinity 
surface interactions, as the long time periods required for these interactions to reach 
equilibrium makes their characterization by traditional techniques tedious and infeasible. 
 In conclusion, the developments described in this dissertation represent significant 
forward progress in the utility and capability of the SP-IRIS platform.  In addition to their 
adoption as standard platforms for current and future SP-IRIS research at Boston 
University, many of these contributions have already been adopted in some form by 
external collaborators, and are currently in active use in several real-world applications.  
Nanoview Diagnostics (Boston, MA) produces automated SP-IRIS instruments using 
acquisition and nanoparticle detection software based in part on the algorithms and 
concepts presented here.  The Connor lab research group at the National Emerging 
Infectious Diseases Laboratory (NEIDL), in collaboration with the University of Texas 
Medical Branch, utilizes an SP-IRIS system produced by Nanoview Diagnostics to 
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develop diagnostic microarray assays for Viral Hemorrhagic Fevers such as Ebola, 
Marburg, and Lassa. 
Detection of individual synthetic and biological nanoparticles and represents the 
ultimate limitation in biosensing.  To help enable digital detection to fulfill its promise, it 
is essential to develop robust acquisition and analysis technologies.  This dissertation 
presents several key building blocks to achieve this goal, and it our hope that they 
continue to contribute to the further development of powerful digital detection 
technologies. 
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